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Neutrino heating depends on  
neutrino luminosities, spectra,  
and angular distributions. 

Neutrino heating is sensitive to all three (most 
sensitive to neutrino spectra). 

ð  Must compute neutrino distributions. 

€ 

f (t,r,θ,φ,E,θp,φp )

ER (t,r,θ,φ,E) = dθp∫ dφp f

ER (t,r,θ,φ) = dE dθp∫ dφp f

Multifrequency 
Multiangle 

Multifrequency 
(solve for  

multifrequency 
angular moments) 

Gray 
(solve for  

angular moments, 
parameterize spectra) 
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Mezzacappa et al., PRL, 86, 1935 (2001) Liebendoerfer et al., PRD, 63, 103004 (2001) 

The simulation of core collapse supernovae with fully general relativistic, multi-angle, multi-frequency,  
Boltzmann neutrino transport has been achieved for spherically symmetric cases. 
 

ð  What’s missing? 
•  Multi-D Effects 
•  ? 

See also Lentz et al. 2012. Ap.J. 747, 73. 
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Blondin, Mezzacappa, & DeMarino, Ap.J. 584, 971 (2003) 

SASI has axisymmetric and nonaxisymmetric modes  
that are both linearly and nonlinearly unstable! 

•  Blondin and Mezzacappa, Ap.J. 642, 401 (2006) 
•  Blondin and Shaw, Ap.J. 656, 366 (2007) 
•  Blondin and Mezzacappa, Nature 445, 58 (2007) 

Shock wave unstable to non-radial perturbations.	

 •  Near prolate axis:	


•  Decreases advection velocity in gain region.	


•  Increases time in the gain region.	


•  Increases size of gain region.	


•  Moves shock toward silicon/oxygen layer.	



•  Opposite effect orthogonal to prolate axis.	


•  Seed convection.	
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e.g., see Marek and Janka, Ap.J. 694, 664 (2009) 	





1.	
  Geometric	
  Effects	
  
2.	
  Special	
  Rela5vis5c	
  Effects	
  
3.	
  General	
  Rela5vis5c	
  Effects	
  

E.G.:	
  Describes	
  increase	
  in	
  neutrino	
  Fermi	
  energy	
  in	
  trapped	
  regions	
  as	
  density	
  increases.	
  

Spa$al	
  
Dimensions	
  

Netwonian	
  
or	
  GR	
  

1	
   2	
   3	
   Par$al	
  Weak	
  
Interac$ons	
  
(Thompson	
  
et	
  al.	
  (2003))	
  

Complete	
  
Weak	
  
Interac$ons	
  

Label	
  

Liebendoerfer	
  
et	
  al.	
  
(2004)Lentz	
  et	
  
al.	
  (2012)	
  

1	
   GR	
   X	
   X	
   X	
   X	
   Full	
  GR	
  

OJ	
  et	
  al.	
  
(2008)	
  

2	
   Newtonian	
   X	
   X	
   No-­‐Observer-­‐
Correctons	
  
Newtonian	
  

Bruenn	
  (1985)	
  –	
  NES	
  +	
  Bremsstrahlung	
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€ 

e−(+) + p(n),A↔ν e (ν e ) + n(p),A'
e+ + e− ↔ν e,µ,τ + ν e,µ,τ

v + n, p,A→ v + n, p,A

v + e−,e+ → v + e−,e+

N + N↔ N + N + ν e,µ,τ + ν e,µ,τ

ν e + ν e ↔ν µ,τ + ν µ,τ

Reddy, Prakash, and Lattimer, PRD, 58, 013009 (1998) 
Burrows and Sawyer, PRC, 59, 510 (1999) 

•  (Small) Energy is exchanged due to nucleon recoil. 
•  Many such scatterings. 

Hannestadt and Raffelt, Ap.J. 507, 339 (1998) 
Hanhart, Phillips, and Reddy, Phys. Lett. B, 499, 9 (2001)  

•  New source of neutrino-antineutrino pairs. 

“Standard” Emissivities/Opacities 

¬ 	
  	
  

Bruenn, Ap.J. Suppl. (1985)  
•  Nucleons in nucleus independent. 
•  No energy exchange in nucleonic scattering.	
  

Langanke et al. PRL, 90, 241102 (2003) 
•  Include correlations between nucleons in nuclei. 

Janka et al. PRL, 76, 2621 (1996)	


Buras et al. Ap.J., 587, 320 (2003)	
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  73	
  (2012)	
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CHIMERA 

ReducOp	
  =	
  Bruenn	
  (1985)	
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1D Neutrino Transport 
•  “RbR-Plus” MGFLD 
•  Complete Weak Interactions 
•  All O(v/c) Observer 

Corrections 
•  GR Corrections 

•  Time Dilation 
•  Red Shift 
•  Aberration (in flux limiter) 

2D Hydrodynamics 
•  EoS 

•  LS 
•  K=220 MeV 
•  W=29.3 MeV 

•  Cooperstein 
•  17-Species NSE Solver 

•  GR Corrections 
•  Time Dilation 
•  Effective Gravitational 

Potential 
•  Adaptive Radial Grid 

2D Self Gravity 
•  Newtonian Multipole with GR 

Monopole 

Nuclear Network 
•  Alpha Network 

•  14 Alpha Nuclei between He 
and Zn 

CHIMERA 

9	
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Bruenn	
  et	
  al.	
  2013.	
  Ap.J.	
  Le'.	
  767,	
  L6.	
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W.#R.#Hix#(ORNL/UTK) WE2Heraeus2Seminar:#Nuclear#Masses#and#Nucleosynthesis,#Bad#Honnef,#April#2013

Once we achieve the most basic observable, an explosion, we can 
begin to compare to the myriad of other potential observations.
Foremost is the kinetic energy 
of the explosion.
Unfortunately, models are still in 
the stage where internal energy 
dominates, so we must estimate the 
explosion energy by assuming 
efficient conversion of Ei ⇒ Ek.

One can construct a “diagnostic” 
energy, E+ = Ei + Eg + Ek, summed 
over zones where E+ > 0.   
To this we add contributions from nuclear 
recombination and removing the envelope.
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Fig. 1. The explosion energy and the ejected 56Ni mass as a function of the main sequence mass of the progenitors for
several supernovae/hypernovae.

The new ingredients taken into account in the present nucleosynthesis models are: (i) the
variation of E (hypernovae, normal SNe, and faint SNe), (ii) the mixing and fallback, and (iii)
neutrino processes that affects neutron excess near the mass cut.

3.1. Energy dependence

In core-collapse supernovae/hypernovae, stellar material undergoes shock heating and subse-
quent explosive nucleosynthesis. Iron-peak elements are produced in two distinct regions, which
are characterized by the peak temperature, Tpeak, of the shocked material. For Tpeak > 5 × 109 K,
material undergoes complete Si burning whose products include Co, Zn, V, and some Cr after

Nomoto,,Tominaga,,…,2006
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6 Hanke et al.
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Figure 4. Evolution of the stability parameter χ for the gain layer
of the 3D simulation of the 27M! progenitor. During most of the
time χ < 3. This suggests conditions in the postshock accretion
flow which disfavor the growth of neutrino-driven convection rela-
tive to the development of the SASI in analogy to the 2D model
discussed by Müller et al. (2012a).

a quasi-periodic manner until ∼260ms after bounce, i.e.
until shortly after the Si/SiO shell interface has reached
the shock and the accretion rate has dropped consider-
ably between ∼220ms and 240ms p.b. The lower ac-
cretion rate results in a pronounced expansion of the
average shock radius (panel a of Figure 2), which ini-
tially is stronger in 3D. However, the 2D model maintains
large (albeit less regular) shock oscillations, with the av-
erage shock radius eventually overtaking the 3D model
at ∼300ms when an explosion develops (i.e. somewhat
later than in the GR simulation of Müller et al. 2012a)1.
By contrast, the shock continues to recede in the 3D run.
The more optimistic evolution of the 2D model compared
to the failing 3D model at late stages is consistent with
the findings of Hanke et al. (2012), and could be due to
the action of the inverse turbulent energy cascade, which
continues to feed energy into large-scale modes in 2D.
However, the evolution of the two simulations prior to

the infall of the Si/SiO interface is remarkable: While the
amplitude of the ! = 1 mode is initially larger in 2D, the
individual components ax, ay, and az of the ! = 1 ampli-
tude vector in 3D become comparable to az in 2D around
200 ms, and ax even reaches considerably bigger values.
During this phase, the SASI is undoubtedly stronger in
3D than in 2D. Further confirmation of this assessment is
provided by the root-mean-square deviation σ(rsh) of the
shock radius from its average value (panel c of Figure 2):

σ =

√

(4π)−1

∫

(rsh(θ,ϕ) − 〈rsh〉)
2 dΩ (3)

For reasonably small amplitudes, σ is also a measure for

1 It is not clear whether this difference or how much of this dif-
ference is caused by GR effects, because the models in the present
paper were simulated with a slightly different treatment of the low-
density equation of state, which led to a significant delay (∼35ms)
of the infall of the silicon layer and a correspondingly later arrival
of the Si/SiO shell interface at the shock.

Figure 5. Snapshot of the entropy (color coded according to color
bar at the upper left corner, in units of Boltzmann’s constant kb
per nucleon) in the plane through the origin normal to the vec-
tor n = (−0.35, 0.93, 0.12) at a post-bounce time of 152ms in the
27M! 3D model. The high-entropy plumes with high-order spheri-
cal harmonics pattern suggest buoyancy-driven convective overturn
of neutrino-heated matter.

the total power of SASI amplitudes with different !:

σ ≈

√

√

√

√

∞
∑

!=1

!
∑

m=−!

|am! |2 . (4)

The same picture emerges when we consider the kinetic
energies Eθ and Eϕ associated with motions in the θ-
and ϕ-directions in the gain region,

Eθ =
1

2

∫

Vgain

ρv2θ dV, Eϕ =
1

2

∫

Vgain

ρv2ϕ dV. (5)

As shown in panel d of Figure 2, the total energy con-
tained in non-radial motions is also larger in 3D during
the relevant phase around ∼230ms. In the period of con-
tinuous increase of the SASI amplitude in the 3D model
between t ∼ 155ms and ∼ 240ms, the kinetic energy
grows and σ exhibits quasi-periodic modulations signal-
ing the shock sloshing motions. Interestingly, during the
phase of strongest SASI activity we find rough equipar-
tition between the kinetic energies of non-radial motions
Eθ +Eϕ, and the energy Er contained in fluctuating ra-
dial velocities,

Er =
1

2

∫

Vgain

ρ (vr − 〈vr〉)
2 dV, (6)

where 〈vr〉 is the angle-averaged radial velocity. This
equipartition is apparently not a unique feature of
buoyancy-driven turbulence (cf. Murphy et al. 2012), at
least not as far as these volume-integrated quantities are
concerned.
A clear difference between SASI dominated and con-

vection dominated phases of the 27M# 3D model can
be observed in the power spectrum of the azimuthal ve-
locity vϕ as a function of multipole order !. Figure 3
shows the spectra during a SASI active phase (222ms
p.b.) compared to the later time (259ms) when the SASI

Hanke	
  et	
  al.	
  2013,	
  astro-­‐ph/1303.6269v1	
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Lentz	
  et	
  al.,	
  in	
  prepara5on	
  

15	
  M	
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SASI	
  induced	
  shear	
  layer	
  in	
  3D	
  induces	
  
turbulence	
  via	
  secondary	
  instabili5es	
  
(e.g.,	
  Kelvin-­‐Helmholtz).	
  	
  

High-resolution 3D studies suggest that the energy 
of long-wavelength SASI modes may be sapped 
by short-wavelength modes via turbulence. 
 

—  Endeve et al. 2012. Ap.J. 751, 26. 

3D multi-physics simulations will be needed to determine how this plays out. 
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2D Models of 
1990s: Herant et 
al. 1992, 1994, 
etc. Explosions 
across 
progenitors and 
supernova 
groups. 
Parameterized. 

Current 2D 
Models: 
Explosions 
across 
progenitors and 
groups. First 
principles. 

Final Frontier: 
3D 

Comparative quantitative analyses of 2D models 
 

Mueller, Janka, and Marek 2012. Ap.J. 756, 84. 
Mueller, Janka, and Heger 2012. Ap.J. 761, 72.  
Bruenn et al. 2013. Ap.J. Lett. 767, L6. 

 
should be performed, ala’ Liebendoerfer, Rampp,  
Janka, and Mezzacappa Ap.J. 620, 840 (2005)  
and Mezzacappa and Bruenn Ap.J. 410, 740 (1993). 

How will SASI and the turbulence  
it generates interact? 

2D CCSN modeling needs to  
mature as 1D modeling has. 
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Agile-­‐BOLTZTRAN	
  

1D	
  
Boltzmann	
  Neutrino	
  Transport	
  
Exact	
  GR	
  
State-­‐of-­‐the-­‐Art	
  Weak	
  Physics	
  
and	
  EOS	
  

CHIMERA	
  

1D/2D/3D	
  
Approximate	
  MGFLD	
  
Approximate	
  GR	
  
State-­‐of-­‐the-­‐Art	
  Weak	
  Physics	
  
and	
  EOS	
  
Adap5ve	
  (fixed-­‐zone-­‐number)	
  
radial	
  mesh.	
  

GenASiS	
  

3D	
  
MGVET/Boltzmann	
  Neutrino	
  
Transport	
  
MHD	
  
Exact	
  GR	
  (with	
  Singularity	
  
Avoidance)	
  
State-­‐of-­‐the-­‐Art	
  Weak	
  Physics	
  
and	
  EOS	
  
Cell-­‐by-­‐Cell	
  AMR	
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Core	
  Bounce	
   PNS	
  Instabili5es	
   Neutrino-­‐Driven	
  
Convec5on	
  

SASI	
  

•  Core	
  Bounce:	
  Requires	
  realis5c	
  (3D)	
  GR	
  electron-­‐neutrino	
  transport.	
  
1D:	
  Liebendoerfer	
  et	
  al.	
  2001.	
  PRD	
  63,	
  103004.	
  
	
  

•  PNS	
  Instabili5es:	
  Require	
  realis5c	
  3D	
  GR	
  mul5flavor	
  neutrino	
  transport.	
  
1.  Prompt	
  convec5on.	
  
2.  PNS	
  convec5on.	
  
3.  Doubly	
  diffusive	
  instabili5es	
  -­‐	
  see	
  Bruenn	
  and	
  Dineva	
  1996,	
  Ap.J.	
  458,	
  L71.	
  
	
  

•  Neutrino-­‐Driven	
  Convec5on	
  and	
  SASI:	
  Require	
  realis5c	
  3D	
  explosion	
  models.	
  
2D:	
  Bruenn	
  et	
  al.	
  2013,	
  Ap.J.	
  Le'.	
  767,	
  L6;	
  Mueller,	
  Janka,	
  and	
  Marek	
  2012,	
  Ap.J.	
  756,	
  84.	
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Ab	
  ini,o	
  –	
  i.e.,	
  non-­‐parameterized	
  –	
  explosions	
  	
  
allow	
  us	
  to	
  predict	
  more	
  accurately	
  the	
  	
  
gravita5onal	
  wave	
  signatures.	
  
	
  
Our	
  signature	
  predic5ons	
  are	
  being	
  used	
  by	
  the	
  	
  
LIGO	
  collabora5on	
  to	
  calibrate	
  their	
  analyses.	
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Yakunin	
  et	
  al.	
  2010,	
  Class.	
  Quant.	
  Grav.	
  27,	
  194005.	
  


