
Chris&an	  D.	  O-	  (Caltech)	  
&	  Bronson	  Messer	  (ORNL)	  

Core-‐Collapse	  Supernova	  Simula1ons:	  
Overview	  &	  Status	  



C.	  D.	  O-	  @	  SLAC,	  2015/11/23	   2	  

©	  Anglo-‐Australian	  Observatory	  

Core-‐Collapse	  Supernovae:	  

Supernova	  1987A	  
Large	  Magellanic	  Cloud	  
Progenitor:	  	  
BSG	  Sanduleak	  -‐69°	  220a,	  ≈18	  MSUN	  
	  

Explosions	  of	  Massive	  Stars	   8M� . M . 130M�



MotivationMotivation
SN1987A:

● First observed SN 
neutrinos → looking 
inside.

● Details still missing, but 
overall SN understanding 
was confirmed.

Aim:

● Understand next 
observations and 
neutrinos better.

SN	  1987A:	  Neutrino	  Detec1on	  

3	  C.	  D.	  O-	  @	  SLAC,	  2015/11/23	  

-‐>	  First	  detec&on	  of	  extragalac&c	  neutrinos!	  

Hirata+87	  
Bionta+87	  
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Stellar	  Death	  &	  Supernova	  Explosions	  
Chandra	  

G1.9+0.3	  
Explosion	  ~140	  yrs	  ago.	  
@	  8	  kpc	  in	  Sgr	  

•  ∼20%	  thermonuclear	  SNe	  (Type	  Ia)	  
-‐>	  exploding	  white	  dwarfs	  

•  ∼80%	  core-‐collapse	  SNe	  (CCSNe)	  
-‐>	  exploding	  massive	  stars	  
	  

•  ~10	  SN/s	  in	  the	  Universe	  
•  ~mul1ple	  SN/day	  discovered	  
•  ~1	  SN/50-‐100	  yrs	  (?)	  in	  the	  Milky	  Way	  
•  >1	  SN/year	  within	  10	  Mpc	  

•  Class	  of	  energe1c	  “stripped-‐envelope”	  
explosions:	  Type	  Ic-‐bl	  (“broad	  lines”)	  

•  Some	  (>11)	  SNe	  Ic-‐bl	  associated	  with	  	  
long	  gamma-‐ray	  bursts.	  



The	  Basic	  Theory	  of	  Core	  Collapse	  
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Reminder:	  Core	  Collapse	  Basics	  
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Nuclear	  equa&on	  of	  state	  (EOS)	  
s&ffens	  at	  nuclear	  density.	  
	  
Inner	  core	  (~0.5	  MSun)	  	  
-‐>	  protoneutron	  star	  core.	  	  
Shock	  wave	  formed.	  

Outer	  core	  accretes	  onto	  
shock	  &	  protoneutron	  star	  
with	  O(1)	  M⦿/s.	  

-‐>	  Shock	  stalls	  at	  ~100	  km,	  
	  must	  be	  “revived”	  to	  drive	  
	  explosion.	  

Reviews:	  
Bethe’90	  
Janka+’12	  



“Postbounce”	  Evolu&on	  
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[Wilson	  1985;	  Bethe	  &	  Wilson	  1985]	  

⌧ ⇡ 1� few s



“Postbounce”	  Evolu&on	  
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What	  is	  the	  mechanism	  that	  revives	  the	  shock?	  

⌧ ⇡ 1� few s



Core-‐Collapse	  Supernova	  Energe&cs	  
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•  Collapse	  to	  a	  neutron	  star:	  ∼3	  x	  1053	  erg	  =	  300	  [B]ethe	  	  
gravita1onal	  energy	  (≈0.15	  MSunc2).	  
-‐>	  	  Any	  explosion	  mechanism	  must	  tap	  this	  reservoir.	  

•  ∼1051	  erg	  =	  1	  B	  kine&c	  and	  internal	  energy	  of	  the	  ejecta.	  
(Extreme	  cases:	  10	  B;	  “hypernova”)	  

•  99%	  of	  the	  energy	  is	  radiated	  in	  neutrinos	  on	  O(10)s	  
	  



SN	  1987A	  &	  Basics	  of	  CCSN	  Theory	  
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[Wilson	  1985;	  Bethe	  &	  Wilson	  1985]	  

SN	  1987A	  

3T⌫ ⇡ h✏⌫i

⌫̄e + p ! n+ e+

Kamiokande	  II,	  
IMB,	  Baksan:	  

Vissani	  15,	  arXiv:1409.4710	  
Combined	  Kamiokande,	  
IMB,	  Baksan	  
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Overview:	  Supernova	  Mechanisms	  
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[Wilson	  1985;	  Bethe	  &	  Wilson	  1985]	  

Neutrino	  Mechanism	  

Magnetorota1onal	  Mechanism	  
•  Magneto-‐centrifugal	  forcing,	  hoop	  stresses.	  
•  For	  energe&c	  explosions	  and	  CCSN-‐LGRB	  connec&on?	  
•  Very	  rapid	  core	  rota&on	  +	  magnetorota&onal	  
instability	  +	  dynamo	  for	  large-‐scale	  field.	  

•  Needs	  “special”	  progenitor	  evolu&on.	  
•  Jets	  unstable,	  may	  fail	  to	  explode	  in	  proto-‐NS	  phase;	  
black	  hole	  forma&on,	  GRB	  central	  engine?	  

•  Neutrino	  hea&ng;	  turbulent	  convec&on,	  standing	  
accre&on	  shock	  instability	  (SASI).	  

•  Works	  (even	  in	  1D)	  for	  lowest	  mass	  massive	  stars.	  
•  Sensi&ve	  to	  (mul&-‐D)	  progenitor	  structure.	  
•  Inefficient	  (η	  ≲ 10%);	  difficulty	  explaining	  Eexplosion?	  
	  

O-+13	  

Mösta+14	  
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[Wilson	  1985;	  Bethe	  &	  Wilson	  1985]	  

Magneto-‐Hydrodynamics	  

Nuclear	  and	  Neutrino	  Physics	  

General	  Rela&vity	  

Boltzmann	  Transport	  Theory	  

Dynamics	  of	  the	  stellar	  fluid.	  

Nuclear	  EOS,	  nuclear	  	  
reac&ons	  &	  ν	  interac&ons.	  

Gravity	  

Neutrino	  transport.	  Fu
lly
	  c
ou

pl
ed

!	  
Detailed	  Models:	  Ingredients	  	  
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[Wilson	  1985;	  Bethe	  &	  Wilson	  1985]	  

Magneto-‐Hydrodynamics	  

Nuclear	  and	  Neutrino	  Physics	  

General	  Rela&vity	  

Boltzmann	  Transport	  Theory	  

Dynamics	  of	  the	  stellar	  fluid.	  

Nuclear	  EOS,	  nuclear	  	  
reac&ons	  &	  ν	  interac&ons.	  

Gravity	  

Neutrino	  transport.	  Fu
lly
	  c
ou

pl
ed

!	  

•  Addi&onal	  Complica&on:	  Core-‐Collapse	  Supernovae	  are	  3D	  
– Rota&on,	  fluid	  instabili1es,	  magne1c	  fields,	  mul&-‐D	  stellar	  structure	  
from	  convec&ve	  burning,	  etc.	  

•  Route	  of	  A-ack:	  Computa1onal	  simula1on.	  
–  Full	  problem	  is	  3	  (space)	  +	  3	  (momentum	  space)	  +	  1	  (&me)	  dimensional	  
–  Approach:	  employ	  reduced	  dimensionality	  in	  space	  and	  momentum	  space.	  

Detailed	  Models:	  Ingredients	  	  



Core-‐Collapse	  Supernova	  Simula1ons	  

14	  

[Wilson	  1985;	  Bethe	  &	  Wilson	  1985]	  
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1D	  (spherical	  symmetry)	  

- First	  simula&ons:	  1960-‐70	  by	  Colgate	  &	  White,	  	  
	  Wilson,	  Arne-,	  Nadyozhin	  

- Bethe	  &	  Wilson	  ‘85:	  “Neutrino	  Mechanism”	  

Cray-‐I	  



Neutrino	  Mechanism:	  Hea1ng	  
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Oc+	  ’08	  

15	  

⌫̄e + p ! n+ e+
⌫e + n ! p+ e�

Cooling:	  

Hea&ng	  via	  
charged-‐current	  
absorp&on:	  

Bethe	  &	  Wilson	  ’85;	  also	  see:	  Janka	  ‘01,	  Janka+	  ’07	  
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1D	  Neutrino-‐Driven	  Explosions	  

C.	  D.	  O-	  @	  SLAC,	  2015/11/23	  
16	  

Kitaura+	  ‘06,	  Hüdepohl+	  ’10,	  Fischer+	  ’10,	  ‘12	  

Kitaura+	  2006	  

8.8	  MSUN	  
progenitor	  
star	  
O-‐Ne-‐Mg	  
core	  

Problem:	  
1D	  neutrino	  mechanism	  fails	  
for	  more	  massive	  stars	  
(which	  explode	  in	  nature).	  



Status:	  1D	  Simula1ons	  
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• Full	  physics	  1D	  simula&ons:	  2000s	  –>	  no	  explosions!	  	  
• Current	  codes:	  spectral	  transport,	  differences	  in	  included	  
microphysics	  (-‐>effects	  on	  ν	  spectra).	  Some	  can	  simulate	  O(10)s.	  

Lentz+12	  



Status:	  1D	  Simula1ons	  
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Code/Group	   Gravity	   Transport	   X	  sec&ons	   Note	   Recent	  Refs.	  

Roberts	  	  
(Caltech/MSU)	  

GR	   GR,Mom+glob.	  closure	   Bruenn	  85	  /	  
Reddy	  99	  

LT	  	  
cooling	  

Roberts	  2012	  

Prometheus-‐Vertex	  
(Garching)	  

Approx.	  
GR	  

Approx.	  GR,Mom
+glob.	  closure	  

Full	  	  
(Lentz+12)	  

LT	  
cooling	  

Hüdepohl+10	  

CoCoNuT-‐Vertex	  
(Garching/Monash)	  

GR	   Approx.	  GR,Mom
+glob.	  closure	  

Full	   Müller
+10,12,14	  

Agile-‐Boltztran	  
(ORNL/Basel/
Wraclaw[Fischer])	  

GR	   GR,	  Boltzmann	   Full	  (ORNL)	  
or	  reduced	  
(Fischer)	  

LT	  
cooling	  
(Fischer)	  

Lentz+12	  
Fischer+12	  

Chimera	   Approx.	  
GR	  

Approx	  GR,	  MGFLD	   Full	   Bruenn
+13,15,16	  

Waseda/Yamada/
Sumiyoshi	  

GR	   GR,	  Boltzmann	  or	  
MGFLD	  

Bruenn	  85	  +	  
NN/plasmon	  

LT	  	  
cooling	  

Sumiyoshi+05	  
Nakazato+13	  

νGR1D	  
(O’Connor,	  NCSU)	  

GR	   GR,	  M1	   Bruenn	  85	  +	  
NuLib	  

open	  
source	  

O’Connor	  15	  

Fornax	  (Princeton)	   Newt.	   Newt.,	  M1	   ?	   Wallace+15	  

+	  several	  other	  codes:	  Pan	  (Basel),	  Just/Obergaulinger,	  Wilson/Mathews,	  Burrows/Thompson	  



1D	  Simula1ons:	  Physics	  Benchmarks	  
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• Liebendörfer+05:	  
First	  detailed	  
comparison	  study	  
ORNL-‐Garching.	  

• Results	  available	  
and	  serve	  as	  
community	  
benchmark	  for	  
new	  codes.	  

O’Connor	  2015,	  νGR1D	  



2D	  and	  3D	  Core-‐Collapse	  Supernovae	  
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• Progress	  driven	  by	  advances	  in	  compute	  power!	  
• First	  2D	  (axisymmetric)	  simula&ons	  in	  the	  1990s:	  	  
Herant+94,	  Burrows+95,	  Janka	  &	  E.	  Müller	  96.	  

• 2D	  simula&ons	  now	  fully	  self-‐consistent	  &	  from	  first	  principles.	  
E.g.:	  Bruenn+13,14	  (ORNL),	  Dolence+14	  (Princeton),	  B.	  Müller+12ab	  (MPA	  Garching)	  

• Simula&ons	  to	  O(1)	  s	  a�er	  core	  bounce.	  

Bruenn+13	  Dessart+05	  



Standing	  Accre1on	  Shock	  Instability	  (SASI)	  
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Blondin+’03	  
Foglizzo+’06	  
Scheck+	  ’08	  
and	  many	  
others	  

Movie	  by	  
Burrows,	  
Livne,	  	  
Dessart,	  	  
O-,	  Murphy‘06	  



2D	  Full-‐Physics	  CCSN	  Simula1ons	  
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22	  

B.	  Müller	  2012a	  (Garching)	  

Bruenn+13	  
ORNL	  



ν-‐driven	  convec1on	  and	  SASI	  
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Bruenn+15	  
ORNL	  



2D	  Full-‐Physics	  CCSN	  Simula1ons	  
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24	  

The Astrophysical Journal, 800:10 (14pp), 2015 February 10 Dolence, Burrows, & Zhang

Figure 1. Snapshots of the radial velocity (left half of each image) and entropy (right half of each image) for the 12 M⊙ (top three images) and 25 M⊙ (bottom
three images) models at 200, 400, and 600 ms after bounce. The colorbar, shown at right, ranges from [−6 × 104, 4 × 104] km s−1 for the radial velocity and from
[0, 25] kB baryon−1 for the entropy. Convective activity can be clearly seen as relatively low entropy accretion streams and upwelling higher entropy plumes.

The snapshots at 600 ms after bounce look qualitatively similar
to those at 400 ms after bounce, showing large scale convective
motions including relatively low entropy accretion streams and
higher entropy buoyant plumes.

Figure 2 shows the evolutions of the average shock radii
for our 1D and 2D models. Not surprisingly, our 1D models
do not explode, consistent with nearly all spherically symmet-
ric CCSN calculations. In 2D, despite evolving the models to
!600 ms after bounce, we do not find explosions. Nevertheless,
there are interesting differences between 1D and 2D models.
Perhaps most importantly, the 2D stalled shock radii are con-
sistently larger by a factor of 1.3–2, as found in essentially all
1D–2D comparisons (e.g., Müller et al. 2012b). This is often
attributed to aspherical instabilities, namely convection and the
standing accretion shock instability (SASI), both increasing the
neutrino heating efficiency in the gain region and providing tur-
bulent pressure support (e.g., Herant et al. 1992; Burrows et al.
1995; Janka & Mueller 1996). In our models, we see convec-
tive activity develop immediately as the bounce shock moves
out. This brief phase of “prompt convection,” seeded by per-
turbations introduced by our aspherical grid, drives the shock
to large radii much faster than in the corresponding 1D mod-
els. By ∼20 ms after bounce, all four 2D models have shock
radii of ∼200 km and these shocks stall ∼60 ms earlier than the
1D models, which never reach radii much beyond ∼150 km.
Between 300 and 400 ms, the 20 M⊙ and 25 M⊙ models show
jumps in the average shock radii, both in 1D and 2D. These
jumps correspond to the accretion of the Si/O interface in these
models, wherein Ṁ drops suddenly and the shock responds by
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Figure 2. Evolutions of the average shock radii for our 1D and 2D simulations.
The 2D models diverge from their 1D counterparts almost immediately, likely
due to a brief but vigorous phase of prompt convection seeded by our aspherical
grid. The 2D average shock radii then remain larger throughout the evolution.
Around 300 ms after bounce, the 20 M⊙ and 25 M⊙ models show jumps due to
the accretion of the Si/O interface and the jump is fractionally larger in 2D than
in 1D.

moving outward. In 1D, the jump is only about 10% of the
pre-interface shock radius, but the effect is two to three times
larger in 2D. Apparently and interestingly, the sensitivity to the
accretion of shelves increases with shock radius.

3

Dolence+15	  (Princeton)	  

Differences:	  s&ff	  EOS	  (Shen	  vs.	  LS),	  Newtonian,	  full	  2D	  MGFLD.	  	  



Mul1-‐Dimensional	  Simula1ons:	  Effects	  
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(1)	  	  Lateral/azimuthal	  flow:	  
	  “Dwell	  &me”	  in	  gain	  
	  region	  increases.	  

(2)	  	  New:	  Anisotropy	  of	  convec&on 	  	  
	  -‐>	  Turbulent	  ram	  pressure	   	  	  

(Radice+15ab,Couch&O-	  15,	  	  
	  	  Murphy+13)	  

(e.g.,	  Hanke+13,	  Couch&O-	  15,	  Murphy+08,	  Murphy+13,	  O-+13,	  Dolence+13)	  

Rij = �vi�vj
�vi = vi � vi

Rrr ⇠ 2{R✓✓, R��}

Pturb = ⇢Rrr

effec&ve	  
turbulent	  
pressure	  

O-+08	  



Status:	  2D	  Simula1ons	  
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Code/Group	   Gravity	   Transport	   X	  sec&ons	   Note	   Recent	  Refs.	  
Prometheus-‐Vertex	  
(Garching)	  

Approx.	  
GR	  

Approx.	  GR,	  Mom.
+Glob.	  closure,	  RBR	  

Full	  	  
(Lentz+12)	  

also	  
1D&3D	  

Hanke+13,	  
Melson+15ab	  

CoCoNuT-‐Vertex	  
(Garching/Monash)	  

CFC	  GR	   Approx.	  GR,	  Mom.,	  
RBR	  (ray-‐by-‐ray)	  

Full	   also	  1D	   Müller
+10,12ab,13,14	  

Chimera	   Approx.	  
GR	  

Approx.	  GR,	  MGFLD,	  
RBR	  

Full	   also	  
1D&3D	  

Bruenn
+13,15,16	  

FLASH	  
(MSU/NCSU)	  

Approx.	  
GR	  

Approx.	  GR,	  M1,	  	  
full	  2D	  

Bruenn	  85	  +	  
NuLib	  	  

also	  	  
1D&3D	  

O’Connor	  &	  
Couch	  15	  

Fornax	  
(Princeton)	  

Newt.	   Newt.,	  M1,	  full	  2D	   ?	   also	  
1D&3D	  

Wallace+15	  (1D)	  

CASTRO	  
(Princeton/LBNL)	  

Newt.	   Newt.,	  MGFLD,	  full	  2D	   Bruenn	  85	  +	  
NN/
plasmon	  

Dolence	  &	  
Burrows	  15	  

ZEUS+IDSA	  
(Fukuoka/Kotake/
Suwa)	  

Approx.	  
GR	  

IDSA,	  RBR	   simplified	  
Bruenn	  85	  	  
-‐	  inelas&c	  

also	  
1D&3D	  

Takiwaki+12,14,	  
Suwa+10,14	  

FLASH+IDSA	  
(Basel)	  

Newt.	   IDSA,	  full	  2D	   Bruenn	  85	   also	  
1D&3D	  

Pan+15	  



Ray-‐by-‐Ray	  vs.	  Mul1-‐D	  Transport	  
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Ray-‐by-‐Ray	  (plus)	  

•  Solu&on	  of	  many	  1D	  transport	  problems	  
along	  rays.	  No	  nonradial	  fluxes.	  

•  Coupling	  of	  neighboring	  rays	  through	  
advec&on	  terms	  (RBR+).	  

•  Full	  mul&-‐dimensional	  solu&on.	  

•  Radial	  and	  non-‐radial	  fluxes.	  

Mul&-‐D	  Transport	  



The	  3D	  Fron1er	  –	  Petascale	  Compu1ng!	  
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•  Some	  early	  work:	  Fryer	  &	  Warren	  02,	  04	  

•  Loads	  of	  new	  work	  since	  ~2010:	  	  
Fernandez	  10,	  Nordhaus+10,	  Takiwaki+11,13,	  	  
Burrows+12,	  Murphy+13,	  Dolence+13,	  	  
Hanke+12,13,	  Kuroda+12,	  O-+13,	  Couch	  13,	  	  
Takiwaki+13,	  Couch	  &	  O-	  13,	  15,	  	  
Abdikamalov+15,	  Couch	  &	  O’Connor	  14,	  
Lentz+15,	  Melson+15ab,	  Cardall&Budiardja	  15,	  
Radice+15	  

• Approxima&ons	  currently	  made:	  	  
(1)	  	  Gravity	  	  	  	  (2)	  Neutrinos	  	  	  	  (3)	  Resolu&on	  

O-+2013	  
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O-+2013	  
Caltech,	  
full	  GR,	  
parameterized	  
neutrino	  hea&ng	  
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Lentz+15	  (ORNL),	  Chimera,	  full	  physics	  MGFLD,	  approx.GR	  



2D	  &	  3D	  Explosions!	  
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Lentz+15	  
ORNL	  



3D CORE-COLLAPSE SUPERNOVA SIMULATION 3
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Figure 3. a) Net neutrino heating in the gain region. b) νe (solid), ν̄e (dashed), and νµτ (dash-dotted) total luminosities at 1000 km. c) Neutrino heating
efficiencies. d) (inward) Accretion rates at gain radius (solid) and shock (dash-dotted). e) Advection–heating time scale ratio, τadv/τheat. f) Turbulent kinetic
energy. Data for C15-2D is averaged with a 25-point boxcar (∼8 ms). Plotted using colors of Figure 1.

indicating earlier shock revival and explosion. The shock
for C15-1D, which lacks multi-dimensional flows, reaches a
maximum radius of ≈180 km at ≈80 ms and recedes there-
after, typical of 1D CCSN simulations.

The shock in C15-2D expands rapidly from ≈230 ms on-
ward (Figure 1), with the diagnostic energy10 E+ (Figure 2a)
simultaneously becoming positive. E+ surpasses 0.01 B by
250 ms and grows rapidly thereafter. For C15-3D, the first ev-
idence of potential explosion begins with an increased growth

10 following B2014, E+ is defined as the integral of the total energy (ther-
mal, kinetic, and gravitational) in all zones of the cavity where locally posi-
tive.

of Rshock at ≈280 ms, accelerating after ≈350 ms, as the
largest buoyant plume expands, leading to a small, but grow-
ing E+.

The explosion is clearly more energetic in C15-2D at all
times (Figure 2a). We evaluate the growth of E+ over a com-
mon period beginning when Rshock exceeds 500 km and end-
ing 45 ms later. For C15-3D, Rshock passes 500 km at 393 ms
when E+ is 0.034 B, which grows to 0.067 B at 438 ms when
Rshock is 735 km. For C15-2D, Rshock exceeds 500 km at
278 ms when E+ is 0.041 B, which grows to 0.147 B at
323 ms when Rshock reaches 900 km. Over this 45 ms com-
parison period, the E+ growth rate is 0.73 B s−1 for C15-3D

2D	  vs.	  3D	  Neutrino	  Luminosi1es	  

C.	  D.	  O-	  @	  SLAC,	  2015/11/23	   32	  

Lentz+15	  
ORNL	  



2D	  &	  3D	  Explosions	  (or	  not)!	  
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Hanke+13	  (Garching)	  
Prometheus-‐Vertex	  (approx.	  GR)	  
27-‐M⦿	  progenitor.	  

Melson+15b	  (Garching)	  
Prometheus-‐Vertex	  	  
(approx.	  GR)	  
20-‐M⦿	  progenitor.	  
Reduced	  ν-‐neutron	  sca-ering.	  

modified	  

standard	  



2D	  Simula1ons	  explode	  more	  easily	  
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[Wilson	  1985;	  Bethe	  &	  Wilson	  1985]	  

C.	  D.	  O-	  @	  SLAC,	  2015/11/23	  

black:	  1D	  
green:	  2D	  
red,	  blue:	  3D	  

parameterized	  
neutrino	  hea&ng	  

(e.g.,	  Couch	  &	  O-	  2015,	  Couch	  13,	  Couch	  &	  O’Connor	  14,	  Hanke+13,	  Lentz+15,	  Takiwaki+14)	  

Shock	  Radius	  

Note:	  2D	  vs.	  3D!	  
2D	  explodes	  more	  easily!	  
(see	  also:	  Couch	  &	  O’Connor	  14,	  Hanke+13)	  

Couch	  &	  O-	  2015	  
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2D	  vs.	  3D:	  Turbulence	  
(e.g.,	  Couch	  13,	  Couch	  &	  O’Connor	  14)	  



C.	  D.	  O-	  @	  SLAC,	  2015/11/23	  
36	  

Some	  Facts	  about	  Supernova	  Turbulence	  
(e.g.,	  Abdikamalov,	  O-+	  15,	  Radice+15ab)	  

• Neutrino-‐driven	  convec&on	  is	  turbulent.	  

•  Kolmogorov	  turbulence:	  	  Kolmogorov	  1941	  
isotropic,	  incompressible,	  sta&onary.	  	  

•  Supernova	  turbulence:	  	  
anisotropic	  (buoyancy),	  mildly	  compressible,	  quasi-‐sta&onary.	  

•  Reynolds	  stresses	  (relevant	  for	  explosion!)	  dominated	  by	  
dynamics	  at	  largest	  scales.	  

Re =
lu

⌫
⇡ 1017

Rij = �vi�vj

E(k) / k�5/3
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Kolmogorov	  Turbulence	  

logE(k)

/ k�5/3

iner&al	  
range	   dissipa&on	  

range	  

(large	  spa&al	  scale)	   (small	  spa&al	  scale)	  

(Fourier-‐space	  wave	  number)	  
log k

large	  eddies	  -‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐>	  small	  eddies	  

Rij = �vi�vj
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Turbulent	  Cascade:	  2D	  vs.	  3D	  	  

SUBMITTED TO APJ ON 2013 OCTOBER 21 COUCH & O’CONNOR

Figure 13. Pseudo-color slices of entropy at four postbounce times for s27 fheat 1.05 3D. The colormap and limits are indicated on the left and kept fixed for each
time. Convection is already strong by 100 ms, as is indicated in Figures 11 & 12. As explosion sets in (right two panels), the convection becomes volume-filling
and large, high-entropy bubbles emerge that push the shock outward. The explosion begins in an asymmetrical fashion (right-most panel). The development of
convection in our simulations is very similar to that of Ott et al. (2013).
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Figure 14. Turbulent kinetic energy spectra, as measured by the non-radial
component of the velocity. The top panel shows 2D and 3D spectra for s15
and the bottom panel displays the same for s27. The E

`

are averaged over a
10 km-wide shell, centered on a radius of 125 km, and over 10 ms, centered at
150 ms postbounce. In all cases, 2D simulations result in much greater kinetic
energy density on large scales than 3D. Kinetic energy on large scales has
been suggested to be conducive to explosion (Hanke et al. 2012).

et al. 2013). Turbulent stresses can aid shock expansion in
multidimensional simulations of CCSNe (Murphy et al. 2013).
The presence of strong turbulent motions behind the forward
shock during the explosion phase may even effect collective
neutrino flavor oscillations (Lund & Kneller 2013). Based on
the global CCSN turbulence model developed by Murphy &
Meakin (2011), Murphy et al. (2013) argue that the turbulence
in neutrino-powered CCSNe explosions is primarily the result
of neutrino-driven convection. Here, rather than focus on the

primary driver of turbulence in our simulations, we address the
differences in the development of turbulence between 2D and
3D.

Following a number of previous studies, we examine tur-
bulent motion by decomposing the non-radial component of
the kinetic energy density in terms of spherical harmonics
(e.g., Hanke et al. 2012; Dolence et al. 2013; Couch 2013a;
Fernández et al. 2013). We define coefficients,

✏`m =

I p
⇢(✓, �)vt(✓, �)Y

m
` (✓,�)d⌦, (13)

where the transverse velocity magnitude is vt = [v

2

✓ + v

2

�]

1/2.
The non-radial kinetic energy density as a function of ` is then

E` =

X̀

m=�`

✏

2

`m [erg cm

�3

]. (14)

In Figure 14, we show the E` spectra for s15 (top) and s27
(bottom) in both 2D and 3D. The spectra are computed in a 10
km-wide spherical shell centered on a radius of 125 km and
at a postbounce time of 150 ms. This time and radius were
chosen to coincide with the initial development of strong non-
radial motion yet prior to onset of significant shock expansion
or contraction (see Figs. 10 & 11). Immediately apparent
is that 2D simulations have much greater turbulent kinetic
energy on large scales (small `) than 3D. This is the case
even when comparing the 2D fheat = 0.95 cases with the
3D fheat = 1.05 cases. Similar behavior is found in other
comparisons of turbulence in 2D and 3D (Hanke et al. 2012;
Dolence et al. 2013; Couch 2013a). These studies also found
that non-radial kinetic energy on large scales correlated with
vigor of explosion. Hanke et al. (2012) even suggest that non-
radial kinetic energy on large scales, by significantly increasing
matter dwell times in the gain region, could be key to the
success of the neutrino mechanism. Our results also support
this conclusion; the closer a model is to explosion, the larger
the turbulent kinetic energy on large scales.

It is well-known that turbulence in 2D exhibits very dif-
ferent behavior than in 3D. The most significant difference,
particularly for the present discussion, is the so-called “inverse
energy cascade” in 2D. According to Kolmogorov’s theory of
turbulence, turbulent energy is injected on large scales and sub-
sequently is transfered via the turbulent cascade to small scales
(Kolmogorov 1941). In 2D, turbulent energy is still injected
at the large, driving scale, but from there cascades to large
scales instead. Enstrophy, the integrated squared-vorticity,

17

Couch	  &	  O’Connor	  14	  
see	  also:	  Dolence+13,	  Hanke+12,13,	  Abdikamalov+’15,	  Radice+15ab	  

2D	  

3D	  

•  2D: 	  wrong;	  turbulent	  cascade	  unphysical.	  
•  3D: 	  physical;	  more	  power	  at	  small	  scales,	  less	  

	  on	  large	  scales	  -‐>	  harder	  to	  explode!	  
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Kolmogorov	  Turbulence	  

logE(k)

/ k�5/3

iner&al	  
range	   dissipa&on	  

range	  

(large	  spa&al	  scale)	   (small	  spa&al	  scale)	  

(Fourier-‐space	  wave	  number)	  
log k

large	  eddies	  -‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐>	  small	  eddies	  

Rij = �vi�vj

Sensi1vity	  to	  	  
kine1c	  energy	  flux!	  
-‐>	  sensi1vity	  to	  resolu1on	  
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3D:	  Sensi1vity	  to	  Resolu1on	  
Abdikamalov+15	  

low	  resolu1on	  -‐>	  less	  efficient	  turbulent	  cascade	  
	  -‐>	  kine1c	  energy	  stuck	  at	  large	  scales	  



Resolu1on	  Comparison	  
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(Radice+15b)	  

dθ,dφ	  =	  1.8°	  
dr	  =	  3.8	  km	  

dθ,dφ	  =	  0.9°	  
dr	  =	  1.9	  km	  

dθ,dφ	  =	  0.45°	  
dr	  =	  0.9	  km	  

dθ,dφ	  =	  0.3°	  
dr	  =	  0.64	  km	  

•  semi-‐global	  simula&ons	  
of	  neutrino-‐driven	  
turbulence.	  

(typical	  resolu&on	  of	  
	  3D	  rad-‐hydro	  sims)	  
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Turbulent	  Kine1c	  Energy	  Spectrum	  
(Radice+15b)	  

“compensated”	  spectrum	  

Core-‐collapse	  supernova	  turbulence	  obeys	  Kolmogorov	  scaling!	  

But: 	  Can’t	  afford	  to	  run	  global	  simula&ons	  at	  necessary	  resolu&on	  
	  to	  resolve	  iner&al	  range!	  



How	  much	  resolu1on	  is	  needed?	  
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• Must	  (at	  least)	  capture	  correct	  rate	  of	  kine&c	  energy	  flux	  from	  
largest	  scales.	  	   Normalized	  kine&c	  energy	  flux.	  

Radice+15,	  
local	  simula&ons	  

• Need	  ~1283	  zones	  across	  
turbulent	  layer.	  

• Roughly	  2	  x	  current	  
high-‐resolu&on	  
global	  simula&ons.	  

• Resolve	  iner&al	  
range:	  10-‐20	  x	  current	  
resolu&on	  needed.	  



Summary	  of	  2D	  &	  3D	  Simula1ons:	  
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10

Figure 5. Colormaps of the specific entropy in the x-z plane in models s27 fheat1.00 (left column), s27 fheat1.05 (center column), and s27 fheat1.15 (right column)
at 80, 115, and 154ms after core bounce. The linear scales of the three vertical panels are 350, 450, and 900 km at these three times. The values of the specific
entropy in the convectively unstable gain region increase with time in all simulations. Model s27 fheat1.00 exhibits a stagnant shock and only small deviations
from sphericity. The average shock radius is secularly growing in model s27 fheat1.05 with slightly stronger neutrino heating and the shock is more aspherical.
Model s27 fheat1.15 is on track to explosion and exhibits, at 154ms after bounce, a strongly deformed shock with a single large high-entropy bubble.

toneutron star cannot sufficiently cool, deleptonize and con-
tract (Hanke et al. 2012; B. Müller et al. 2012a). This, in
turn, results in too large shock radii and low advection speeds
through the convectively unstable gain layer that may artifi-
cially favor the growth of convection over SASI (Scheck et al.
2008; Foglizzo et al. 2006; B. Müller et al. 2012a). Our leak-
age/heating scheme is designed specifically to overcome these
limitations at little additional computational cost. We take
into account cooling by ⌫e, ⌫̄e, and ⌫x, account for the change
in electron fraction by ⌫e and ⌫̄e emission and absorption. Our
heating prescription uses the true ⌫e and ⌫̄e luminosities avail-
able at a given position for heating (as computed by leak-
age/heating at smaller radii) and the mean-squared neutrino
energies entering the heating rate are determined by assum-
ing black body emission from the ⌫e and ⌫̄e neutrinospheres,
taking the time-changing thermodynamic locations on these
surfaces into account.

While clearly not as sophisticated as recent gray multi-D
(e.g., Scheck et al. 2008; E. Müller et al. 2012; Kuroda et al.
2012) or energy-dependent (e.g., Ott et al. 2008; Marek &
Janka 2009; B. Müller et al. 2012b,a; Takiwaki et al. 2012)
neutrino radiation-hydrodynamics calculations, the goal of
our approach is to capture the essential qualitative features
correctly and reproduce quantitative results approximately. In
the following, we investigate the extent to which our scheme
lives up to its premise.

In Fig. 6, we plot, for all four models, the time evolutions
of the baryonic mass inside the 1011 gcm-3 density isosur-
face (top panel, left ordinate), the angle-averaged accretion
rate measured outside the shock (top panel, right ordinate),
the angle-averaged coordinate radius of the 1011 gcm-3 den-
sity isosurface (center panel), and the angle-averaged ⌫e, ⌫̄e,
and ⌫x neutrinosphere radii (where ⌧⌫i = 1; bottom panel).

• Becer	  than	  1D:	  	  
More	  efficient	  neutrino	  hea1ng,	  
turbulent	  ram	  pressure.	  

•  2D	  simula1ons	  explode	  but	  can’t	  
really	  be	  trusted	  (unphysical	  
turbulence,	  symmetry	  axis).	  

•  3D	  simula1ons:	  	  
(1)	  Most	  not	  yet	  fully	  self	  consistent	  

	  (parameterized);	  
(2)	  Numerical	  bo-leneck	  in	  energy	  

	  cascade	  due	  to	  low	  resolu&on.	  

O-+13	  



Status:	  3D	  Simula1ons	  
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Code/Group	   Gravity	   Transport	   X	  sec&ons	   Note	   Recent	  Refs.	  
Prometheus-‐Vertex	  
(Garching)	  

Approx.	  
GR	  

Approx.	  GR,	  Mom.
+Glob.	  closure,	  RBR	  

Full	   also	  
1D&2D	  

Hanke+13,	  
Melson+15ab	  

Chimera	   Approx.	  
GR	  

Approx.	  GR,	  MGFLD,	  
RBR	  

Full	   also	  
1D&3D	  

Bruenn
+13,15,16	  

FLASH	  
(MSU/NCSU)	  

Approx.	  
GR	  

Approx.	  GR,	  M1,	  	  
full	  3D	  

Bruenn	  85	  +	  
NuLib	  	  

also	  	  
1D&2D	  

O’Connor	  &	  
Couch	  15	  

Fornax	  
(Princeton)	  

Newt.	   Newt.,	  M1,	  full	  3D	   ?	   also	  
1D&2D	  

Wallace+15	  (1D)	  

ZEUS+IDSA	  
(Fukuoka/Kotake/
Suwa)	  

Approx.	  
GR	  

IDSA,	  RBR	   simplified	  
Bruenn	  85	  	  
-‐	  inelas&c	  

also	  
1D&2D	  

Takiwaki+12,14,	  
Suwa+10,14	  

FLASH+IDSA	  
(Basel)	  

Newt.	   IDSA,	  full	  3D	   Bruenn	  85	   also	  
1D&2D	  

Pan+15	  (2D)	  

FISH+IDSA	  
(Basel)	  

Approx.	  
GR	  

IDSA,	  full	  3D	   Bruenn	  85	   only	  3D	   Winteler+12	  

ZelmaniM1	  
(Caltech)	  

full	  GR	   GR,	  M1,	  full	  3D	   Bruenn	  85	  +	  
NuLiB	  

only	  3D	   Roberts+16	  
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• Hyper-‐energe&c	  (up	  to	  >10	  B)	  supernova	  explosions.	  	  
Most:	  type	  “Ic-‐bl”	  (H,	  He	  free,	  broad	  lines	  <-‐	  rela&vis&c	  veloci&es).	  

• ~1%	  of	  all	  core-‐collapse	  supernovae.	  
• Neutrino-‐driven	  mechanism	  is	  inefficient	  (~10%	  efficiency),	  
cannot	  power	  hypernovae.	  

• 11	  long	  gamma-‐ray	  burst	  –	  	  
core-‐collapse	  supernova	  associa&ons.	  

• All	  GRB-‐SNe	  are	  of	  type	  “Ic-‐bl”!	  

What	  drives	  hypernovae	  	  
and	  GRBs?	  

SN	  1998bw/GRB	  980425	  
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4

lution studies obtain a monotonic increase of the iron-core
mass (or bounce compactness; see Fig. 9 of O’Connor & Ott
2011) versus main-sequence mass (Limongi & Chieffi 2006;
see also Hirschi et al. 2004, 2005), while some show an anti-
correlation beyond ⇠40 M� (Woosley & Heger 2007). The
primary reason for this are differing prescriptions for rate and
time of mass loss, one of the major uncertainties in massive
star evolution (see also the discussions in Hirschi et al. 2005
and O’Connor & Ott 2011).

3. METHODS & INITIAL MODEL SET

In this work, we use the open-source, spherically symmet-
ric, general relativistic, Eulerian hydrodynamics code GR1D
(O’Connor & Ott 2010). Rotation is included through a
centrifugal-acceleration term in the momentum equation —
this is the most important dynamical feature of rotation rel-
evant to core collapse. However, GR1D cannot account for
the associated deviations from spherical symmetry nor any
angular-momentum redistribution. We select the equation of
state (EOS) from Lattimer & Swesty (1991) characterized by
a nuclear incompressibility of 220MeV (hereafter referred to
as the LS220 EOS). This EOS provides the best match to both
mass and mass-radius constraints from observations and nu-
clear theory (Demorest et al. 2010; Özel et al. 2010; Steiner
et al. 2010; Hebeler et al. 2010). GR1D uses an efficient neu-
trino leakage/heating scheme that qualitatively reproduces the
salient features of neutrino transport. We refer the reader to
O’Connor & Ott (2010, 2011) for additional details on GR1D
and our methodology.

As described above, the only stellar-evolutionary models
for LGRB progenitors that are evolved until the onset of col-
lapse are those proposed by Woosley & Heger (2006). We
thus focus on their model dataset for our investigation on the
dynamics of the core-collapse SN engine and the potential
formation of a black hole in the collapsar context. Using
KEPLER, Woosley & Heger (2006) investigated a rather nar-
row range of progenitor masses, but varied the initial rotation
rate (solid-body rotation is assumed initially) and environ-
mental metallicity from solar to 1% solar (with an additional
tunable factor as low as 0.1 for the metallicity-dependent mass
loss rate, equivalent to a reduction in metallicity by a factor of
100 in their mass-loss prescription). Arguing that the inferred
mass of LGRB/SN ejecta known in 2006 is on the order of
10 M�, and since higher-mass stars may lose too much angu-
lar momentum through stellar winds (even at low metallicity),
they focused primarily on lower-mass progenitors, with main-
sequence masses of 12 and 16 M�,5 with the exception of one
35 M� model set.

We adopt the same nomenclature as for their 12-, 16- and
35-M� models. It comprises the model’s main-sequence
mass, followed by a letter denoting the environmental metal-
licity (‘S’ for solar, ‘O’ for 10% solar, and ‘T’ for 1% solar).
An additional letter is appended to individualize the models
done with different WR mass-loss rate prescriptions, allow-
ing or not for magnetic effects, and the total angular momen-
tum of the star. 16-M� helium models are denoted by ‘HE16’
followed by an individualizing capital letter.

In this work, we simulate the collapse and post-bounce evo-
lution with GR1D for all these progenitor models, with a pri-

5 They also perform simulations for 16-M� helium cores and find compa-
rable outcomes.
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Figure 1. Angular velocity ⌦(r) versus radius r at both the pre-SN stage
(dashed lines) and at core bounce (solid lines) for selected models of Woosley
& Heger (2006). The inner homologously collapsing core maintains its initial
uniform rotation throughout collapse.

mary focus on determining their ability to produce the key
features of the collapsar model: A black hole together with a
Keplerian disk. As we discuss in the following section, black-
hole formation is not obviously guaranteed in any of these
dying stars.

4. NOTES ON ROTATING CORE COLLAPSE

Since LGRBs seem fundamentally related to rapid rotation,
it is useful to summarize a few facts and concepts related to
the gravitational collapse of rotating iron cores in massive
stars. First, it is reasonable to assume (which is borne out by
simulations, e.g., Heger et al. 2005) that the iron core, in its
pre-collapse state, will be approximately uniformly rotating.
Such a solid-body rotation corresponds to the lowest energy
state at fixed total angular momentum and will be assumed on
a secular timescale by any rotating fluid that has some means
to redistribute angular momentum.

Rotating core collapse, even for the high pre-collapse rota-
tion rates of some of the potential LGRB progenitors that we
consider in this study, proceeds qualitatively in a very simi-
lar fashion to non-rotating collapse as long as the ratio of the
centrifugal acceleration acent to the gravitational acceleration
agrav, is small,

acent

agrav
=

⌦2(r)r
GM(r)r-2 =

⌦2(r)r3

GM(r)
⌧ 1 . (1)

Due to angular-momentum conservation, the angular velocity
behaves as ⌦(r) / r

-2. M(r) stays constant for a collapsing
mass shell, and, thus, the above ratio increases during collapse
as r

-1 and may potentially become large for small radii.
In the case of acent/agrav ⌧ 1, the collapsing rotating iron

core will behave like a non-rotating core and separate into a
subsonically collapsing inner core (|v

r

(r)| < c

s

(r)) and a su-
personically collapsing outer core (|v

r

(r)| > c

s

(r)). The in-
ner core exhibits a self-similar (homologous) velocity profile,
v(r) / r, until core bounce and shock formation (Goldreich
& Weber 1980). After core bounce, the inner core material
forms the core of the proto-neutron star and outer core ma-
terial accumulates at its edge. The mass of the inner core at

•  Core:	  x	  1000	  spin-‐up	  
•  Differen&al	  rota&on	  -‐>	  reservoir	  of	  free	  energy.	  
•  Spin	  energy	  tapped	  by	  magnetorota1onal	  instability	  (MRI)?	  

Dessart,	  O’Connor,	  Oc	  ‘12	  
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[LeBlanc	  &	  Wilson	  ‘70,	  Bisnovatyi-‐Kogan	  ’70,	  	  
Meier+76,	  Burrows+	  ‘07,	  Takiwaki	  &	  Kotake	  ‘11,	  Winteler+	  12]	  	  

Rapid	  Rota1on	  +	  B-‐field	  amplifica1on	  
(need	  magnetorota&onal	  instability	  [MRI])	  
	  

2D:	  Energe1c	  “bipolar”	  explosions.	  

Results	  in	  ms-‐period	  “proto-‐magnetar.”	  
GRB	  connec&on?	  

Burrows+’07	  

Caveat:	  Need	  high	  core	  spin;	  	  
only	  in	  very	  few	  progenitor	  stars?	  
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Burrows+’07	  
	  
(1011	  G	  	  
	  seed	  field)	  
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Mösta+	  2014	  
ApJL	  



What	  is	  happening	  here?	  

C.	  D.	  O-	  @	  SLAC,	  2015/11/23	   52	  

Mösta+14,	  ApJL	  

• B-‐field	  near	  proto-‐NS:	  Btor	  >>	  Bz	  
• Unstable	  to	  MHD	  screw-‐pinch	  kink	  instability.	  

• Similar	  to	  situa&on	  in	  Tokamak	  fusion	  reactors!	  

Braithwaite+	  ’06	  

Sherwood	  	  
Richers	  

Philipp	  Mösta	  

Credit:	  Moser	  &	  Bellan,	  Caltech	  Sarff+13	  
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Mösta+15,	  in	  prep.	  
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SNR	  W49B;	  harboring	  a	  black	  hole?	  (Lopez+2013)	  
Image	  credit:	  Composite	  X/IR/Radio	  image	  NASA/CXC/MIT/Lopez	  et	  al./
Palomar/SF/NRAO/VLA	   54	  

Implica1ons?	  
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• 3D	  neutrino	  mechanism	  is	  the	  best	  bet	  for	  
driving	  massive	  star	  explosions.	  	  
Turbulence	  is	  crucial,	  but	  currently	  not	  resolved.	  

• 2D	  neutrino-‐driven	  explosions	  work;	  	  
cannot	  be	  fully	  trusted.	  

• The	  3D	  neutrino	  mechanism	  may	  need	  help.	  

• 3D	  magnetorota&onal	  mechanism	  for	  extreme	  
CCSNe.	  2D	  MHD	  jets	  broken	  in	  3D.	  Final	  
outcome	  unclear.	  

wikipedia.org/wiki/Magnetar	  
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Supplemental	  Slides	  
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Supernova	  Remnants	  

Cas	  A	   NASA/Chandra/Spitzer	  
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Supernova	  Remnants	  

Cas	  A	   NASA/Chandra/Spitzer	  

Chandra	  

NuSTAR	  
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Crab;	  HST/Chandra	  

B	  ~	  108	  –	  1015	  G	  

Neutron	  Stars;	  Pulsars	  and	  Magnetars,	  
Stellar-‐Mass	  Black	  Holes	  

also:	  spin,	  mass	  distribu&ons	  
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Pulsar	  Birth	  Kicks	  

Guitar	  Nebula,	  NS	  v	  >	  ~1000	  km/s	  
Palomar,	  200	  inch	  
Cha-erjee	  &	  Cordes	  ‘02	  
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Pulsar	  Birth	  Kicks	  

Guitar	  Nebula,	  NS	  v	  >	  ~1000	  km/s	  
Palomar,	  200	  inch	  
Cha-erjee	  &	  Cordes	  ‘02	  

20
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Hobbs+	  ’05;	  
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Maximum	  mass:	  

M & 2M�
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Octant	  Symmetry	  (no	  odd	  modes)	   Full	  3D	  

ß	  2000	  km	  à	  	  ß	  2000	  km	  à	  	  

New,	  full	  3D	  GRMHD	  simula&ons.	  Mösta+	  2014,	  ApJL.	  
Ini&al	  configura&on	  as	  in	  Takiwaki+11,	  1012	  G	  seed	  field.	  
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� =
Pgas

Pmag

Mösta+	  2014	  
ApJL	  
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Global	  Field	  Structure	  

	  	  

	  t=0ms	  

dx=500m	   dx=50m	  

	  t=10ms	  

[embargo
ed]	  

C.	  D.	  O-	  @	  SLAC,	  2015/11/23	  

Mösta+15,	  to	  appear	  in	  Nature	  
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“Equa1on	  of	  State”	  of	  Turbulent	  Pressure	  
(Radice+15a)	  

•  Reynolds	  tensor:	   Rrr ⇡ R✓✓ +R�� (buoyancy)	  

Rij = �vi�vj
•  Specific	  turbulent	  energy:	   ✏turb =

1

2
|�v|2

|�v2| = (�vr)
2 + (�v✓)

2 + (�v�)
2 ⇡ 2(�vr)

2

(�vr)
2 ⇡ 1

2
|�v|2 = ✏turb

•  Rankine-‐Hugoniot	  with	  turbulence:	  
Pd + ⇢dv

2
d + ⇢d(�vr)

2 = ⇢uv
2
u

(�th � 1)⇢✏th + ⇢dv
2
d + ⇢(�vr)

2 = ⇢uv
2
u

(�th � 1)⇢✏th + ⇢dv
2
d + ⇢✏turb = ⇢uv

2
u

(�th � 1)⇢✏th + ⇢dv
2
d + (�turb � 1)⇢✏turb = ⇢uv

2
u

�turb ⇡ 2

�th ⇡ 4/3

(buoyancy)	  
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[Wilson	  1985;	  Bethe	  &	  Wilson	  1985]	  
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GR1D	  simula&on	  
h-p://stellarcollapse.org/	  

Pd + ⇢dv
2
d

⇢uv
2
u (� Pu)

+⇢Rrr

-‐> 	  need	  less	  thermal	  pressure	  =>	  less	  neutrino	  hea&ng	  	  
	  needed	  to	  explode	  in	  2D/3D	  (Couch	  &	  O-	  15).	  

(Couch	  &	  O-	  2015,	  Murphy+13)	  


