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 Core Collapse Supernova Paradigm 

and Problem Description 

Pre-supernova Structure

7/23/14	

 2	





3	

7/23/14	





7/23/14	

 4	



�  Gravity 
�  Neutrino Heating 
�  Convection 
�  Shock Instability 
�  Nuclear Burning 
�  Rotation 
�  Magnetic Fields 

The most fundamental 
question in supernova theory 

*New Ingredient 

How is the supernova shock wave revived? 



Blondin, Mezzacappa, & DeMarino, Ap.J. 584, 971 (2003) 

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

– Blondin and Mezzacappa, Ap.J. 642, 401 (2006) 
– Blondin and Shaw, Ap.J. 656, 366 (2007) 

Shock wave unstable to non-radial perturbations.	
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Bruenn, DeNisco, and Mezzacappa, Ap.J. 560, 326 (2001) 
Liebendoerfer et al. Ap.J. 620, 840 (2005) 

25 M Model	



15 M Model	



€ 

ds2 = −α 2dt 2 +
r'

Γ

% 

& 
' 

( 

) 
* 

2

da2 + r2 dθ 2 + sin2θdϕ 2( )



Publica(on	
   Milestone	
  
Colgate	
  and	
  White	
  (1966)	
  Ap.J.	
  143	
  626	
   First	
  to	
  suggest	
  core	
  collapse	
  supernovae	
  are	
  

neutrino	
  driven.	
  

Wilson	
  (1985),	
  in	
  Numerical	
  Astrophysics,	
  eds.	
  
Centrella,	
  LeBlanc,	
  and	
  Bowers	
  
Bethe	
  and	
  Wilson	
  (1985)	
  Ap.J.	
  295	
  14	
  

Discovery	
  of	
  delayed-­‐shock	
  mechanism.	
  
	
  
Framed	
  contemporary	
  core	
  collapse	
  supernova	
  
theory.	
  

Herant,	
  Benz,	
  and	
  Colgate	
  (1992)	
  Ap.J.	
  395	
  642	
  
Herant	
  et	
  al.	
  (1994)	
  Ap.J.	
  435	
  339	
  

First	
  2D	
  models.	
  
	
  
RevoluPonized	
  core	
  collapse	
  supernova	
  theory.	
  

Blondin,	
  Mezzacappa,	
  and	
  DeMarino	
  (2003)	
  
Ap.J.	
  584	
  971	
  

SASI	
  discovery.	
  
	
  
Missing	
  link.	
  

Kitaura	
  et	
  al.	
  (2006)	
  A&A,	
  450	
  345	
  
Buras	
  et	
  al.	
  (2006)	
  A&A	
  457	
  281	
  
Marek	
  and	
  Janka	
  (2009)	
  Ap.J.	
  694	
  664	
  
Suwa	
  et	
  al.	
  (2010)	
  PASJ	
  62	
  L49	
  
Takiwaki,	
  Kotake,	
  and	
  Suwa	
  (2012)	
  Ap.J.	
  749	
  98	
  
Mueller,	
  Janka,	
  and	
  Marek	
  (2012)	
  Ap.J.	
  756	
  84	
  
Bruenn	
  et	
  al.	
  (2013)	
  Ap.J.	
  767	
  L6	
  

Neutrino-­‐driven	
  explosions,	
  most	
  aided	
  by	
  
convecPon	
  and	
  the	
  SASI	
  obtained	
  across	
  range	
  
of	
  progenitors.	
  

7	

7/23/14	





8	



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

➠ Must compute neutrino distribution functions. 

f (t, r,θ,φ,E,θ p,φp )

ER (t, r,θ,φ,E) = dθ p∫ dφp f

FR
i (t, r,θ,φ,E) = dθ p∫ dφp n

i f

Multifrequency 
Multiangle 

Multifrequency 
(solve for  

lowest-order  
multifrequency 

angular moments: 
energy and momentum  

density/frequency) 
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Requires a closure prescription: 
•  MGFLD 
•  MGVEF/MGVET 
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The Boltzmann equation contains the same information as an infinite hierarchy of equations for the  
angular “moments” of the neutrino distribution function: 

Approximation: 
 

•  Truncate hierarchy at the level of the “zeroth” moment (neutrino energy density per frequency). 
•  Closure: Relate the first moment (momentum density per frequency) to the energy density per  
                 frequency so as to satisfy known limits: 
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λ
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ψ1→ψ 0

Diffusion Limit: Fick’s Law 

€ 

Free Streaming Limit 
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The Boltzmann equation contains the same information as an infinite hierarchy of equations for the  
angular “moments” of the neutrino distribution function: 

Approximation: 
 

•  Truncate hierarchy at level of “first” moment (neutrino momentum density per frequency). 
•  Closure: Relate the second and higher moments to the zeroth moment using “Eddington 
   factors,” which are the ratio of these higher moments to the zeroth moment. 
 
Eddington factors can be computed at different levels of approximation: 
 

•  “Prescribed” (analytic) closure (e.g., Maximum Entropy Closure in 1D). 
•   Computed closure (e.g., Maximum Entropy Closure in 2D/3D). 
•   Approximate Boltzmann solution. 
•   Exact Boltzmann solution. 

€ 

Cernohorsky	
  and	
  Bludman	
  (1994)	
  ApJ	
  433	
  250	
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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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See also Lentz et al. 2012. Ap.J. 747, 73. 
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 Bruenn et al. 2013. Ap.J. 767, L6. 
Bruenn et al. 2014. In preparation.  
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Bruenn et al. 2014. In preparation.  
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Lentz	
  et	
  al.	
  2014.	
  In	
  preparaPon.	
  

15	
  M	
  
LS	
  (220)	
  

SimulaPon	
  Stats	
  
	
  
•  64,800	
  cores	
  
•  35	
  weeks/postbounce	
  second	
  
•  100	
  M	
  processor-­‐hours/postbounce	
  second	
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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 
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2D and 3D models include 
the same physics. 

+150	
  Isotope	
  Network	
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Solve a number of spherically 
symmetric problems. 
 
In spherical symmetry, RbR 
is exact. 



2D/3D	
  
Models	
  

Ray-­‐by-­‐Ray	
  
Transport	
  

General	
  
RelaPvisPc	
  

Full	
  Weak	
  
InteracPons	
  

2D/3D	
  
Transport	
  

Newtonian	
  
Reduced	
  
Weak	
  

InteracPons	
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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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€ 

e− + p→ν e + n
e+ + n→ν e + p
e− + e+ →ν e,µ,τ + ν e,µ,τ

N + N↔ N + N + ν e,µ,τ + ν e,µ,τ

ν e + ν e →ν µ,τ + ν µ,τ

Unshocked 
Cold 
Core 

Shocked 
Hot 

Mantle 

Low positron population. 

Large positron population. 
Neutrino production via: 

e− + p→νe + n
e− + A→νe + A

'
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Coherent Neutrino Scattering and Stellar Collapse*

James R. Wilson
Lazurence Livennore Laboratory, University of California, Livermore, California 94550

C,Received 24 January 1974)

Freedman has shown that coherency and the neutral current theory of neutrinos imply
a scattering cross section for neutrinos off heavy nuclei proportional to the square of
the atomic weight. The collapse of an iron-core star produces a hot neutron star sur-
rounded by a thin iron layer. Because of the large scattering rate in the outer layer,
neutrinos from the hot neutron core are able to accelerate the iron layer to above es-
cape velocity.

Colgate and White' proposed the transport of
energy outward by neutrinos during gravitational
collapse of a star at the end of its nuclear burn-
ing as a nechanism for supernova explosions.
Subsequent calculations by Wilson' (hereafter de-
signated as I) appeared to rule out this mecha-
nism. Freedman' has revived the neutrino explo-
sion mechanism by finding a large coherent neu-
trino scattering cross section by large nuclei in-
ferred from neutral current theory. Here we in-
vestigate the hydrodynamic behavior of stellar
collapse, including the neutrino-nuclear scatter-

ing as calculated by Freedman.
The model uses the hydrodynamic neutrino

transport computer program described in I. In
addition to the terms in the neutrino transport
equation [Eq. (9) of I] representing the absorp-
tion and emission of neutrinos, the term K,
x [(4m) 'IFd Cc -F] is added to Eq. (9).
The revised equation (9) for the neutrino ener-

gy density F in nonrelativistic form is then (in
the present calculations, relativistic effects are
small, although the full relativistic equations
are still used)

1
(lj., y, B, f}= +—,—(A'F) +——[F(l —p')] =K,p(B —F)[I e+xp(- y/T)]+ K, (-,' J,Fd p ' -F) .

The first term on the right-hand side represents
the absorption and emission of neutrinos and uses [

the opacity E, of I with the electron degeneracy
factor set equal to 1, except as noted below. The
second term represents the effect of elastic scat-
tering and uses the formula from Freedman, '

K,=g.,'(0.9 x10 ")gy' g/cm',
where ao is an adjustable constant of neutrino
theory, A is the mean atomic number, and y is
the neutrino energy in keV. The average nuclear
mass for zero-temperature material is taken
from Negele and Vautherin4 for densities greater
than 4.6 x10" g/cm' and from Baym, Pethick,
and Sutherland' for densities less than 4.6 &10"
g/cm'. The above data are fitted with a smooth
analytical function from a density of 4 &10"to a
density of 1.4x10". Below a density of 4&&10",
A is taken as 56 for Fe, 28 for Si, 16 for 0, and
12 for C. The binding energy E of the nuclei was
taken from Negele and Vautherin. A smooth func-
tion, again, is used to extend the binding energy
from Negele and Vautherin's lowest density point
up to Baym, Pethick, and Sutherland's values of
binding energy. To take into account the nonzero-
temperature effects, the material is assumed to

consist of two perfect gases: nuclei of mass A.
and neutrons. (We ignore intermediate-mass nu-
clei such as He, which would be present in a nar-
row region of temperature. ) Then a Saba-like
equation for equilibrium between nuclei of atomic
mass A and neutrons is solved to find the fraction
of heavy nuclei, f:

(1 f)~ 2(2yyg/gT) i ~ 'e /E/yT
y I 3 ~5/2

The A as a function of density calculated using
this procedure is shown in Fig. 1 for several
temperatures. The average nuclear charge is
taken from Negele and Vautherin and is assumed
to maintain the same ratio to A as the tempera-
ture is increased. (The thermal decomposition
of neutrons is ignored. ) The electron-neutrino
absorption opacities of I are calculated using A.
and Z as found by the above method. The equa-
tion of state used is variation III of I with I', of
Eq. (12) revised to be

P, = 1.y x1013&~T
1+exp(- 510![T+0.258(pz)' "][ '

Thermonuclear burning of C, 0, and Si have
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theory, A is the mean atomic number, and y is
the neutrino energy in keV. The average nuclear
mass for zero-temperature material is taken
from Negele and Vautherin4 for densities greater
than 4.6 x10" g/cm' and from Baym, Pethick,
and Sutherland' for densities less than 4.6 &10"
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up to Baym, Pethick, and Sutherland's values of
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ture is increased. (The thermal decomposition
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absorption opacities of I are calculated using A.
and Z as found by the above method. The equa-
tion of state used is variation III of I with I', of
Eq. (12) revised to be

P, = 1.y x1013&~T
1+exp(- 510![T+0.258(pz)' "][ '

Thermonuclear burning of C, 0, and Si have
849



7/23/14	

 32	



19
75
Ap
J.
..
19
8.
.6
29
S

19
75
Ap
J.
..
19
8.
.6
29
S



7/23/14	

 33	



Initial shock location/strength  
depend on amount of electron 
capture on nuclei (and protons) 
during stellar core collapse. 

Electron capture on stellar  
core nuclei depends on  
energy levels in the nucleus 
and how the nucleons  
populate them. 

€ 

e− + p,A↔ν e + n,A'

ð  Zeroth-order shell model (nucleons independent),  
    electron capture on nuclei is blocked for N>40.  

Fuller,	
  Fowler,	
  and	
  Newman	
  (1980)	
  Ap.J.	
  Suppl.	
  42	
  447	
  
Fuller,	
  Fowler,	
  and	
  Newman	
  (1982)	
  Ap.J.	
  252	
  715	
  
Fuller,	
  Fowler,	
  and	
  Newman	
  (1982)	
  Ap.J.	
  Suppl.	
  48	
  279	
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Hix et al. Phys. Rev. Lett. 91 201102 (2003) 

Significant change in shock formation mass. 

No correlations. 

With correlations. 

Shell Model Deployed: “Hybrid Model” [Langanke et al. Phys. Rev. Lett. 91, 241102 (2003)] 



The Astrophysical Journal, 760:94 (12pp), 2012 November 20 Lentz et al.

Figure 1. Properties of models at core bounce, where bounce is defined as the maximum compression of the central density during the launching of the bounce
shock. Models shown are: Base (black; all opacities); Base-noNES (blue; without NES) with the other NIS opacity variation models discussed in Section 3.1.1
indistinguishable from models Base and Base-noNES at bounce and omitted for clarity, the NIS opacity variation models with the IPA EC from Section 3.1.2; IPA
(orange; all NIS opacities); IPA-noNIS (red; without NIS opacities; no NES, no NPS, nucleon IS); IPA-noNES (green; without NES), but not IPA-ISnp (nucleon IS),
which is indistinguishable from model IPA at bounce and omitted for clarity. The pair opacity test models (Section 3.3) and improved nucleon EC model (Section 3.2)
are also indistinguishable from model Base and omitted for clarity. The panels are radial velocity (upper left), density (upper center), entropy (upper right), temperature
(kT , lower left), net electron (or proton) fraction (Ye, lower center, solid lines), net lepton fraction (YL = Ye + (nνe − nν̄e )/nbaryons, lower center, dashed lines), and
pressure (lower right). All quantities are plotted relative to enclosed rest mass in M⊙.
(A color version of this figure is available in the online journal.)

Table 2
Model Summary Table

Model Bounce Properties Post-bounce Peak

Core Mass (Msh) Central ρc Central Ye Central YL Shock Radius νe-luminosity
(M⊙) (1014 g cm−3) (km) (Bethe s−1)

Base 0.430 3.234 0.2448 0.2804 161 408
Base-noNIS 0.431 3.234 0.2453 0.2811 150 478
Base-noNES 0.430 3.234 0.2450 0.2807 158 481
Base-ISnp 0.431 3.233 0.2451 0.2808 153 404
Base-noNPS 0.430 3.233 0.2448 0.2804 160 408
IPA 0.554 3.824 0.2843 0.3331 159 432
IPA-noNIS 0.618 4.239 0.3099 0.3712 148 449
IPA-noNES 0.608 4.162 0.3056 0.3647 159 454
IPA-ISnp 0.554 3.831 0.2849 0.3339 149 430
IPA-noNPS 0.551 3.825 0.2843 0.3331 159 432
Base-noEPpair 0.431 3.233 0.2448 0.2804 183 407
Base-noBrems 0.430 3.216 0.2443 0.2798 163 407
Base-noPair 0.435 3.216 0.2443 0.2798 185 410
Base-B85ea-np 0.431 3.239 0.2452 0.2808 159 393

3.1.1. NIS Comparisons Using LMSH EC Table

For this set of tests, we compare a model with our full
opacity set (Base) to models without electron scattering (Base-

noNES), without positron scattering (Base-noNPS), replacing
the nucleon scattering of Reddy et al. (1998) with the IS
equivalent of Bruenn (1985) (Base-ISnp), and to a model with
all three of these changes (Base-noNIS). At bounce we find

4

Lentz	
  et	
  al.	
  2012,	
  Ap.J.	
  760,	
  94	
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ð  Lattimer-Swesty (Compressible Liquid Droplet) 
ð  Shen et al. (Relativistic Mean Field) 

Issues: 
ð  Energy/Particle 
ð  Inhomogeneous Matter 

�  Nuclei and Nuclear Matter 
�  1D vs. 3D Nuclei 

ð  Other Constituents? 

€ 

P = P(ρ,T,Ye )

€ 

P = n2 ∂(F /n)
∂n T ,Ye

€ 

F = E −TS

€ 

E = ΦT +UΦ

ð  “Semi-Empirical” 
•  Polynomial expansion about infinite symmetric nuclear matter at saturation. 

ð  “Phenomenological” 
�  Nucleon interaction potential fit to nuclear matter and nuclei (e.g., Skyrme). 

ð  “Realistic” 
•  Nucleon interaction potential fit to free nucleon scattering data. 

La\mer-­‐Swesty	
  EOS	
  
-­‐	
  Nucl.	
  Phys.	
  A535,	
  331	
  (1991)	
  

Shen	
  et	
  al.	
  EOS	
  
-­‐	
  Nucl.	
  Phys.	
  A637,	
  435	
  (1998)	
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Dense Phase: Nuclei 

Light Phase: Nucleons 

Nuclei arrange themselves in a b.c.c. lattice  
(minimizes free energy). 
 

ð  Components of electrically neutral  
    “Wigner-Seitz” cells (more later). 

€ 

A ~ 4π
3
R3

⇒ 4πR2 ~ A2 / 3

⇒
Z 2

R
~ A2

A1/ 3
~ A5 / 3

ESize =
ωSurfaceA

2 / 3 +ωCoulombA
5 / 3

A

Nuclear size determined by competition between  
surface and Coulomb forces. 
 
•  Surface effects favor larger nuclei.  

o  Surface energy per nucleon smaller:  
   lower percentage of nucleons on surface. 
 

•  Coulomb effects favor smaller nuclei. 
o  Coulomb energy increases with A. 

 
ð As proton fraction decreases, surface effects win out. 
	
  

Cooperstein and Baron (1990), in Supernovae, ed. A.G. Petschek, Springer-Verlag: New York 
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€ 

ECoulomb =
1
A
3
5
Z 2e2

R
g(u)

g(u) =1− 3
2
u1/ 3 +

1
2
u

u ≡ ρ
ρ0

ρ = baryon density
ρ0 = nuclearmatter density

Coulomb energy minimized if: 

€ 

u→1

Surface tension resists this in (a) 
but favors this in (b). 

(a) (b) 

Energetically favored for  

€ 

u ≥ 1
2
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Ravenhall, Pethick, and Wilson (1983), Phys. Rev. Lett. 150, 2006. 



Transition from nuclei to nuclear matter 
occurs through a “pasta” phase. 

First look at stellar core (finite temperature) matter in 3D. 

Ravenhall, Pethick, and Wilson (1983), Phys. Rev. Lett. 150, 2006. 

What impact will this have on the neutrino opacities? 
–  Horowitz et al., PRC 69 045804 (2004) 

What impact will this have on stellar core collapse? 

Newton et al., Journ. Phys. Conf. Ser.,  46,  408 (2006) 
                       PRC  79 055801 (2009) 

Sonoda	
  et	
  al.	
  (2007)	
  PRC	
  75	
  042801:	
  ~10-­‐20%	
  of	
  core	
  mass	
  in	
  pasta	
  phase.	
   41	
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EOS	
   Reference	
  

La\mer-­‐Swesty	
   Nucl.	
  Phys.	
  A	
  535	
  331	
  (1991)	
  

H.	
  Shen	
  et	
  al.	
   Nucl.	
  Phys.	
  A	
  637	
  435	
  (1998)	
  

G.	
  Shen	
  et	
  al.	
   PRC	
  83	
  035802	
  (2011)	
  

Hempel	
  et	
  al.	
   Ap.J.	
  748	
  70	
  (2012)	
  

Furusawa	
  et	
  al.	
  	
   Ap.J.	
  772	
  95	
  (2013)	
  

Meixner	
  et	
  al.	
  	
   PRC	
  submiaed	
  (2013)	
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Stellar Core Magnetic Field Amplification  
  
ð  Compression 
ð  Wrapping 
ð  Shear (MRI) 

Key Questions: 
Are the core magnetic fields significantly amplified? 
Will they collimate and drive outflows? 

Leblanc and Wilson, Ap.J. 161, 541 (1970) 
Symbalisty, Ap.J. 285, 729 (1984) 
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Burrows et al. Ap.J. 664, 416 (2007) 

2D modern multi-physics models with B fields. 
 
For rapidly rotating progenitors, robust magnetically  
powered explosions obtained (PB>P). 
 
Energy available to B fields from rotation depends  
sensitively on the angular momentum distribution in  
the core after bounce. 

Lagrangian Tracers 

B Fields 

“Magnetic Towers” 
Uzbensky and MacFadyen, Ap.J. 647, 1192 (2006) 
Uzbensky and MacFadyen, Ap.J. 669, 546 (2007)  



7/23/14	

 46	



Mixing	
  not	
  suitably	
  modeled	
  can	
  
prevent	
  use	
  of	
  supernovae	
  as	
  
neutrino	
  physics	
  laboratories.	
  

Neutrino Mixing Scenarios	


•  Mixing deep within the source (w/ neutrino-neutrino forward scattering).	


•  Mixing in the stellar envelope (MSW – i.e., w/ neutrino-electron forward scattering). 	


•  Mixing between the supernova and the Earth (vacuum) and within the Earth.	



 Potential Impacts	


•  Explosion Mechanism	


•  Nucleosynthesis	


•  Terrestrial Neutrino Signatures 	





First 1D 
Models 

First 2D 
Models: 
Explosions 
across 
progenitors 
and supernova 
groups. 
Parameterized
. 

Mature 1D 
Models 

Mature 2D 
Models: 
Explosions 
across 
progenitors 
and groups. 
First 
Principles 

First 3D 
Models 
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1966	
   1992	
   2001	
   2006	
   2013	
  

Last	
  decade	
  has	
  seen	
  
exponen;al	
  progress.	
  


