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No exceptionally bright new star had appeared since 1604.

‘Ordinary’ novae or new stars of typical brightness were
somewhat familiar, discovered every other year or so.

Novae such as that of 1885 in the so-called Andromeda Nebula
figured in debates of the 1920s about the nature of these ‘spiral
nebulae’.

If these were ‘island universes’ or separate galaxies, there
would have to be a class of novae variously called

“giant novae” (Lundmark 1920),
novae of “impossibly great absolute magnitudes” (Curtis 1921),
“exceptional novae” (Hubble 1929),

“Hauptnovae” (Baade 1929).
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Proceedings
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MINUTES OF THE STANFORD MEETING, DECEMBER 15-16, 1933

38. Supernovae and Cosmic Rays. W. BAADE, M¢.
Wilson Observatory, AND F. ZwWICcKY, California Institule

of Technology.—Supernovae flare up in every stellar system
(nebula) once in several centuries.

With all reserve we advance the
view that supernovae represent the transitions from
ordinary stars into neulron stars, which in their final stages
consist of extremely closely packed neutrons.
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A shock forms and stalls. Neutrino heating/cooling and
changes in nuclear composition impact its fate.
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A shock forms and stalls. Neutrino heating/cooling and
changes in nuclear composition impact its fate.

Core Collapse and Explosion




Core-collapse supernova Core-collapse v extravaganza

Massive stellar progenitor e” degeneracy, v pair emission

Infall e” capture / ve emission



Core-collapse supernova Core-collapse v extravaganza

Massive stellar progenitor e” degeneracy, v pair emission
Infall e” capture / ve emission

Bounce; shock formation, stall,
and revival



Core-collapse supernova Core-collapse v extravaganza

Massive stellar progenitor e” degeneracy, v pair emission
Infall e” capture / ve emission

Bounce; shock formation, stall,
and revival

Neutron star kick



Core-collapse supernova Core-collapse v extravaganza

Massive stellar progenitor e” degeneracy, v pair emission
Infall e” capture / ve emission

Bounce; shock formation, stall,
and revival

Neutron star kick

Gravitational waves



Core-collapse supernova Core-collapse v extravaganza

Massive stellar progenitor e” degeneracy, v pair emission
Infall e” capture / ve emission
Bounce; shock formation, stall, v emission weakens shock,
and revival v absorption strengthens it

Neutron star kick

Gravitational waves



Core-collapse supernova Core-collapse v extravaganza

Massive stellar progenitor e” degeneracy, v pair emission
Infall e” capture / ve emission
Bounce; shock formation, stall, v emission weakens shock,
and revival v absorption strengthens it
Neutron star kick Ve burst at shock breakout

Gravitational waves



Core-collapse supernova

Massive stellar progenitor
Infall

Bounce; shock formation, stall,
and revival

Neutron star kick

Gravitational waves

Core-collapse v extravaganza

e” degeneracy, v pair emission
e” capture / ve emission

v emission weakens shock,
v absorption strengthens it

Ve burst at shock breakout

v pair emission from accretion



Shock breakout burst and accretion luminosity

I
1

YIIIIIT
Lllllll

LA A I I A |

| S N

- —
— —
— —
— —
- —
— —4

N




Core-collapse supernova

Massive stellar progenitor
Infall

Bounce; shock formation, stall,
and revival

Neutron star kick

Gravitational waves

Core-collapse v extravaganza

e” degeneracy, v pair emission
e” capture / ve emission

v emission weakens shock,
v absorption strengthens it

Ve burst at shock breakout

v pair emission from accretion



Core-collapse supernova

Massive stellar progenitor
Infall

Bounce; shock formation, stall,
and revival

Neutron star kick

Gravitational waves

Kelvin-Helmholtz contraction,
then cooling of neutron star

Core-collapse v extravaganza

e” degeneracy, v pair emission
e” capture / ve emission

v emission weakens shock,
v absorption strengthens it

Ve burst at shock breakout

v pair emission from accretion



Core-collapse supernova Core-collapse v extravaganza

Massive stellar progenitor e” degeneracy, v pair emission
Infall e” capture / ve emission
Bounce; shock formation, stall, v emission weakens shock,
and revival v absorption strengthens it
Neutron star kick Ve burst at shock breakout
Gravitational waves v pair emission from accretion
Kelvin-Helmholtz contraction, Deleptonization and energy release

then cooling of neutron star via v emission



Core-collapse supernova Core-collapse v extravaganza

Massive stellar progenitor e” degeneracy, v pair emission
Infall e” capture / ve emission
Bounce; shock formation, stall, v emission weakens shock,
and revival v absorption strengthens it
Neutron star kick Ve burst at shock breakout
Gravitational waves Vv pair emission from accretion
Kelvin-Helmholtz contraction, Deleptonization and energy release
then cooling of neutron star via v emission

e” capture / ve emission



Core-collapse supernova Core-collapse v extravaganza

Massive stellar progenitor e” degeneracy, v pair emission
Infall e” capture / ve emission
Bounce; shock formation, stall, v emission weakens shock,
and revival v absorption strengthens it
Neutron star kick Ve burst at shock breakout
Gravitational waves Vv pair emission from accretion
Kelvin-Helmholtz contraction, Deleptonization and energy release
then cooling of neutron star via v emission

e” capture / ve emission

V pair emission



Core-collapse supernova Core-collapse v extravaganza

Massive stellar progenitor e” degeneracy, v pair emission
Infall e” capture / ve emission
Bounce; shock formation, stall, v emission weakens shock,
and revival v absorption strengthens it
Neutron star kick Ve burst at shock breakout
Gravitational waves Vv pair emission from accretion
Kelvin-Helmholtz contraction, Deleptonization and energy release
then cooling of neutron star via v emission

e” capture / ve emission

V pair emission

(If rapid rotation: accretion disk
and jet formation)



Core-collapse supernova Core-collapse v extravaganza

Massive stellar progenitor e” degeneracy, v pair emission
Infall e” capture / ve emission
Bounce; shock formation, stall, v emission weakens shock,
and revival v absorption strengthens it
Neutron star kick Ve burst at shock breakout
Gravitational waves Vv pair emission from accretion
Kelvin-Helmholtz contraction, Deleptonization and energy release
then cooling of neutron star via v emission

e” capture / ve emission

V pair emission

(If rapid rotation: accretion disk
and jet formation)

(If H/He envelope lost, i.e. if
Type Ib/Ic: Gamma-ray burst)



Core-collapse supernova Core-collapse v extravaganza

Massive stellar progenitor e” degeneracy, v pair emission
Infall e” capture / ve emission
Bounce; shock formation, stall, v emission weakens shock,
and revival v absorption strengthens it
Neutron star kick Ve burst at shock breakout
Gravitational waves Vv pair emission from accretion
Kelvin-Helmholtz contraction, Deleptonization and energy release
then cooling of neutron star via v emission

e” capture / ve emission

V pair emission

(If rapid rotation: accretion disk (v pair annihilation helps power jet?)
and jet formation)

(If H/He envelope lost, i.e. if
Type Ib/Ic: Gamma-ray burst)



Core-collapse supernova Core-collapse v extravaganza

Massive stellar progenitor e” degeneracy, v pair emission
Infall e” capture / ve emission
Bounce; shock formation, stall, v emission weakens shock,
and revival v absorption strengthens it
Neutron star kick Ve burst at shock breakout
Gravitational waves Vv pair emission from accretion
Kelvin-Helmholtz contraction, Deleptonization and energy release
then cooling of neutron star via v emission

e” capture / ve emission

V pair emission

(If rapid rotation: accretion disk (v pair annihilation helps power jet?)
and jet formation)

(If H/He envelope lost, i.e. if (v emission from accretion disk)
Type Ib/Ic: Gamma-ray burst)



Core-collapse supernova Core-collapse v extravaganza

Massive stef
Infall

e” degeneracy, v pair emission

e” capture / ve emission

v emission weakens shock,

< 1% of totalw

energy release
Bounce; sho¢

and revival v absorption strengthens it
Neutron star kick Ve burst at shock breakout
Gravitational waves v pair emission from accretion
Kelvin-Helmholtz contraction, Deleptonization and energy release
then cooling of neutron star via v emission

e” capture / ve emission

V pair emission

(If rapid rotation: accretion disk (v pair annihilation helps power jet?)
and jet formation)

(If H/He envelope lost, i.e. if (v emission from accretion disk)
Type Ib/Ic: Gamma-ray burst)



Core-collapse supernova Core-collapse v extravaganza

Massive stellar progenitor e” degeneracy, v pair emission

Infall e” capture / ve emission

v emission weakens shock,
v absorption strengthens it

Bounce; shock formation, stall,
and revival - ~

Neutron st3' <40%, of total
Gravitation

Ve burst at shock breakout

v pair emission from accretion

energy release
Kelvin-Hel / Deleptonization and energy release
then cooling of neutron star via v emission

e” capture / ve emission

V pair emission

(If rapid rotation: accretion disk (v pair annihilation helps power jet?)
and jet formation)

(If H/He envelope lost, i.e. if (v emission from accretion disk)
Type Ib/Ic: Gamma-ray burst)



Core-collapse supernova Core-collapse v extravaganza

Massive stellar progenitor e” degeneracy, v pair emission
Infall e” capture / ve emission
Bounce; shock formation, stall, v emission weakens shock,
and revival v absorption strengthens it
Neutron star kick Ve burst at shock breakout
Gravitational waves Vv pair emission from accretion

Kelvin-Helmholtz contraction,

then coolil}g—af—nm—*—mn—ahm\

~90% of total
energy release

Deleptonization and energy release
via v emission

e” capture / ve emission

V pair emission

(If rapid ro k (v pair annihilation helps power jet?)
and jet formation)
(If H/He envelope lost, i.e. if (v emission from accretion disk)

Type Ib/Ic: Gamma-ray burst)



Core-collapse supernova Core-collapse v extravaganza



Core-collapse supernova Core-collapse v extravaganza

Explosive nucleosynthesis,
r-process nucleosynthesis



Core-collapse supernova Core-collapse v extravaganza

Explosive nucleosynthesis,
r-process nucleosynthesis

Enrichment of ISM



Core-collapse supernova Core-collapse v extravaganza

Explosive nucleosynthesis, v absorption affects outcomes
r-process nucleosynthesis

Enrichment of ISM



Core-collapse supernova

Explosive nucleosynthesis,
r-process nucleosynthesis

Enrichment of ISM

Supernova remnant expansion

Core-collapse v extravaganza

v absorption affects outcomes



Core-collapse supernova

Explosive nucleosynthesis,
r-process nucleosynthesis

Enrichment of ISM

Supernova remnant expansion

Optical emission powered by
recombination, radioactive decay,
pulsar spin-down; light curves,
spectra, spectropolarimetry

Core-collapse v extravaganza

v absorption affects outcomes



Core-collapse supernova Core-collapse v extravaganza

Explosive nucleosynthesis, v absorption affects outcomes
r-process nucleosynthesis

Enrichment of ISM

Supernova remnant expansion

Optical emission powered by
recombination, radioactive decay,
pulsar spin-down; light curves,
spectra, spectropolarimetry

Radio synchrotron emission



Core-collapse supernova Core-collapse v extravaganza

Explosive nucleosynthesis, v absorption affects outcomes
r-process nucleosynthesis

Enrichment of ISM

Supernova remnant expansion

Optical emission powered by
recombination, radioactive decay,
pulsar spin-down; light curves,
spectra, spectropolarimetry

Radio synchrotron emission

X-ray synchrotron, thermal and
line emission



Core-collapse supernova Core-collapse v extravaganza

Explosive nucleosynthesis, v absorption affects outcomes
r-process nucleosynthesis

Enrichment of ISM

Supernova remnant expansion

Optical emission powered by
recombination, radioactive decay,
pulsar spin-down; light curves,
spectra, spectropolarimetry

Radio synchrotron emission

X-ray synchrotron, thermal and
line emission

Acceleration of cosmic rays, high-
energy photons



Core-collapse supernova Core-collapse v extravaganza

Explosive nucleosynthesis, v absorption affects outcomes
r-process nucleosynthesis

Enrichment of ISM
Supernova remnant expansion n production

Optical emission powered by
recombination, radioactive decay,
pulsar spin-down; light curves,
spectra, spectropolarimetry

Radio synchrotron emission

X-ray synchrotron, thermal and
line emission

Acceleration of cosmic rays, high-
energy photons



Core-collapse supernova Core-collapse v extravaganza

Explosive nucleosynthesis, v absorption affects outcomes
r-process nucleosynthesis
Enrichment of ISM
Supernova remnant expansion n production
Optical emission powered by High-energy v emission from mand p
recombination, radioactive decay, decay

pulsar spin-down; light curves,
spectra, spectropolarimetry

Radio synchrotron emission

X-ray synchrotron, thermal and
line emission

Acceleration of cosmic rays, high-
energy photons



Core-collapse supernova Core-collapse v extravaganza

Explosive nucleosynthesis, v absorption affects outcomes
r-process nucleosynthesis
Enrichment of ISM
Supernova remnant expansion n production
Optical emission powered by High-energy v emission from mand p
recombination, radioactive decay, decay

pulsar spin-down; light curves,
spectra, spectropolarimetry

Radio synchrotron emission

X-ray synchrotron, thermal and
line emission

Acceleration of cosmic rays, high-
energy photons

Compact remnant evolution



Core-collapse supernova Core-collapse v extravaganza

Explosive nucleosynthesis, v absorption affects outcomes
r-process nucleosynthesis
Enrichment of ISM
Supernova remnant expansion n production
Optical emission powered by High-energy v emission from mand p
recombination, radioactive decay, decay

pulsar spin-down; light curves,
spectra, spectropolarimetry

Radio synchrotron emission

X-ray synchrotron, thermal and
line emission

Acceleration of cosmic rays, high-
energy photons

Compact remnant evolution
Radio, X-ray, ... pulsars



Core-collapse supernova Core-collapse v extravaganza

Explosive nucleosynthesis, v absorption affects outcomes
r-process nucleosynthesis
Enrichment of ISM
Supernova remnant expansion n production
Optical emission powered by High-energy v emission from mand p
recombination, radioactive decay, decay

pulsar spin-down; light curves,
spectra, spectropolarimetry

Radio synchrotron emission

X-ray synchrotron, thermal and
line emission

Acceleration of cosmic rays, high-
energy photons

Compact remnant evolution
Radio, X-ray, ... pulsars

(Magnetars/anomolous X-ray
pulsars/soft-gamma repeaters)



Core-collapse supernova Core-collapse v extravaganza

Explosive nucleosynthesis, v absorption affects outcomes
r-process nucleosynthesis
Enrichment of ISM
Supernova remnant expansion n production
Optical emission powered by High-energy v emission from mand p
recombination, radioactive decay, decay

pulsar spin-down; light curves,
spectra, spectropolarimetry

Radio synchrotron emission

X-ray synchrotron, thermal and
line emission

Acceleration of cosmic rays, high-
energy photons

Compact remnant evolution v emission contributes to long-term
Radio, X-ray, ... pulsars cooling

(Magnetars/anomolous X-ray
pulsars/soft-gamma repeaters)



Core-collapse supernova

Explosive nucleosynthesis,
r-process nucleosynthesis

Supernova remnant expansion

Optical emission powered by
recombination, radioactive decay,
pulsar spin-down; light curves,
spectra, spectropolarimetry

Radio synchrotron emission

X-ray synchrotron, thermal and
line emission

Acceleration of cosmic rays, high-
energy photons

Compact remnant evolution
Radio, X-ray, ... pulsars

(Magnetars/anomolous X-ray
pulsars/soft-gamma repeaters)

Core-collapse v extravaganza

outcomes

~1% of total

energy release
/

High-energy v emission from m and p
decay

v emission contributes to long-term
cooling



Core-collapse supernova Core-collapse v extravaganza

Explosive nucleosynthesis, v absorption affects outcomes
r-process nucleosynthesis

Enrichment of ISM

Supernova remnant expansion n production

Optical emission powered by
recombination, radioactive decay,
pulsar spin-down; light curves,
spectra, spectropolarimetry

High-energy v emission from m and p

decay -

~0.01% of total
energy release

ad1lo synchrotron emission

X-ray synchrotron, thermal and J
line emission
Acceleration of cosmic rays, high-
energy photons
Compact remnant evolution v emission contributes to long-term

Radio, X-ray, ... pulsars cooling

(Magnetars/anomolous X-ray
pulsars/soft-gamma repeaters)
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Can the central features be simply derived?

From nature’s perspective: YES

The basic features of neutrino emission can be estimated by fairly
simple means.

CYC astro-ph/0701831, arXiv:0812.0114

From a perspective of anthropocentric chauvinism: NO

Elucidation of the explosion mechanism requires detailed simulation.
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Core-collapse supernova

Massive stellar progenitor
Infall

Bounce; shock formation, stall,
and revival

Neutron star kick

Gravitational waves

Kelvin-Helmholtz contraction,
then cooling of neutron star

(If rapid rotation: accretion disk
and jet formation)

(If H/He envelope lost, i.e. if
Type Ib/Ic: Gamma-ray burst)

Core-collapse v extravaganza

e” degeneracy, v pair emission
e” capture / ve emission

v emission weakens shock,
v absorption strengthens it

Ve burst at shock breakout

v pair emission from accretion

Deleptonization and energy release
via v emission

e” capture / ve emission

V pair emission

(v pair annihilation helps power jet?)

(v emission from accretion disk)
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v emission, the central consequence of stellar
collapse, can be treated with a simple model.

Total energy

Etot — EN +ER +EG — -EN

Virial theorem

ZEN +ER — —EG

Changes in total energy must be compensated
by energy loss to neutrinos.
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Change in total energy

Etot — EN +ER +EG — —EN

[ron core supported by relativistic degeneracy

Ere = O

Cold neutron star supported by nonrelativistic degeneracy

Total neutrino emission

~1.7x10°° erg (1 SMO)Z(”]““)
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v emission: Kelvin-Helmoltz contraction, final cooling
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What is a core-collapse supernova?

Can the central features be simply
derived?

What is the explosion mechanism?

What about neutrino flavor mixing?
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Heating/cooling rates depend on accurate
evolution of neutrino distributions.
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Heating/cooling rates depend on accurate
evolution of neutrino distributions.
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The challenge of high dimensionality

f=f[t, x, p]

f : several species

t : 10° time steps
256 x128 = 3 x10*
32x32x32=3x10"

Ty MY

2D + 3D: solution vector of several 10° elements

3D + 3D: solution vector approaching 10 elements

The challenge of accuracy

1
Eexplosion ~ 105 erg

K}
Eneutrinos ~ 105 erg

Careful numerical methods to simultaneously conserve energy

and lepton number
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Two observables, beyond explosion, related to v
transport:

Accretion continues until the stalled shock is reinvigorated:
relation between neutron star mass and delay to explosion

The abundance of nuclei with a closed shell of 50 neutrons

The electron fraction...

N,- — N+ Nproton
Y = 3

nbaryons nproton + Ilneutron

...1s set by v interactions:

Ye +tN & Pp+e
Ve+pon+e’
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Proto neutron star convection
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Fluid dynamics:
¢ 1’5D”

Neutrino transport:

1D+ 1D

Mass trajectory points versus time
Solid: every fifth mass point Dashed: mass points 108 and 109
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Radius (cm)

Fluid mixing prescription in the core
boosts neutrino luminosities; not
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Post-shock convection
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Fluid dynamics: Fluid dynamics:

2D 2D, 3D
Neutrino transport: Neutrino transport:
1D+ 1D 2D + 0D, 3D+OD

ENTROPY

Neutron star mass too small; heating
drives explosion too soon.

N=50 overproduction; Y, too low.






Fluid dynamics:
1D

Neutrino transport:

1D+ 2D



Fluid dynamics:
1D

Neutrino transport:

1D+ 2D

E
—
D)
=
©
©
o

0.2 0.3
Time After Bounce [s]




Fluid dynamics:
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Radius [km]

— Stand opacities
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opacities

11.2 MOGFHD
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Fluid dynamics:
1D

Neutrino transport:

1D+ 1D

------------------

Explosions only for 8-10 Mg stars with
O-Ne-Mg cores and an 11.2 Mg with Fe core.

Radius [km]

Reasonable neutron star mass;
accretion continues during delay.

15MOGR1D

Reasonable N=50 element production — Stnacpaotes

Stand + Brem opacities

Stand + Brem + (v + N)

expected; ejected matter has Y, > 0.46. :

May explain some subluminous Type II-P.

t S
post bounce (s) Lot bounce (8
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Convection, rotation, and magnetic fields all
come into play.
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Convection, rotation, and magnetic fields all
come into play.
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The stationary accretion shock is intrinsically
unstable and could generate phenomena
traditionally attributed to progenitor rotation.
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The stationary accretion shock is intrinsically
unstable and could generate phenomena
traditionally attributed to progenitor rotation.
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Blondin, Mezzacappa, and DeMarino (2003)

The stationary accretion shock is intrinsically
unstable and could generate phenomena
traditionally attributed to progenitor rotation.

Endeve et al. (2008)
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Fluid dynamics:

2 D Nuclear Network off | | Nuclear Network on

Neutrino transport:

1.5D + 1D

s Full 180° and nuclear network allow explosions,
181ms  somewhat weak, for up to 15 Mg so far

Reasonable neutron star mass; accretion
4 continues during delay.
ol 8

‘ Reasonable N=50 element production expected;
some of ejecta has Y, > 0.5.

225ms
mma  Acoustic mechanism not yet clearly probed.

Entropy
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nature uses to reenergize the shock and launch
the explosion will require:

Detailed simulations

Comparison against observations
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Tangent bundle:

Spacetime includes all three space dimensions, with good
resolution on a wide range of length and time scales.

Momentum space includes all three dimensions, with good
resolution of energies and angles.

Self-gravity is treated with general relativity.
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Simulation of collapse and launch of the
explosion involves a wide range of physics.

Magnetofluid:

The treatment of ideal magnetohydrodynamics must be able to
handle shocks.

Nuclear composition changes involving strong, electromagnetic,
and weak reactions should be tracked in regimes ranging from
fully kinetic through (quasi-)NSE, for a very wide range of species.

An equation of state that includes bulk nuclear matter in neutron-
rich conditions is required.
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Simulation of collapse and launch of the
explosion involves a wide range of physics.

Neutrino distributions:

Transport must be computed in diffusive, decoupling, and free-
streaming regimes.

Neutrino interactions with all fluid components must be included.

Neutrino interactions with other neutrinos and antineutrinos
must be included.

Neutrino flavor mixing should be included (spacetime trajectories
are still classical, but flavor content must be evolved quantum
mechanically on macroscopic scales).
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Neutrino transport in the decoupling regime
and complete composition tracking are both
overwhelming in their computational demands.

As an example, consider how easily the
inversion of dense blocks arising from

momentum space coupling can exhaust
exascale resources.

2
NFLOP it Nt Niterations Nx Np

Nrrop
I wanl =

Np = N, Ng Ny Ny
erL.OP RrLoP

Nt Niterations Nx Np . RFLOP €EFLOP
Toyal ~ 7 weeks | — —x ) (2 (o8 )
15 (106) ( 20 ) (106) (105) 108 51 ) \0.05
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We need intelligent algorithms and solution
schemas.

Adaptive meshes reduce the number of computational cells.

Most effort has gone into block-structured AMR of the spatial
domain...

...but cell-by-cell AMR gives more fine-grained control, and may
be more natural for elliptic and implicit solvers...

...and adaptivity in momentum space would be very valuable.

The features of different regimes can be exploited.

Neutrino transport: Diffusion vs. decoupling vs. free streaming

Nuclear composition: No NSE vs. quasi-NSE vs. NSE

There may be tradeofts between ‘intelligence’ and efficiency,
but the bottom line is accuracy as a function of wall time.
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Confidence in the simulations derives from
successful confrontations with observational
data.

Launch of an explosion

Neutron star mass, magnetic field, and kick velocity

Composition of ejecta

Explosion morphology

Neutrino signals

Gravitational wave signals



GenASiS: General Astrophysical Simulation System

Adaptive mesh refinement
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A key feature of the history of supernova
simulations is the ongoing increase in total
dimensionality.

Neutrino radiation transport
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What is a core-collapse supernova?

Roughly half of ‘exceptionally bright new stars’
result from the gravitational energy released
when the degenerate core of massive star
undergoes catastrophic collapse.

These events also involve neutrino and
gravitational wave signals; in some cases, the
longer gamma-ray bursts; enrichment of the
interstellar medium; neutron star kicks; and
pulsar/magnetar phenomena.
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Can the central features be simply
derived?

From nature’s point of view, the central feature
is neutrino emission. The basic features of this
emission can be simply derived.

Understanding the explosion mechanism,
which gives rise to the optical display that first
caught humans’ attention, requires detailed
simulation.
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What is the explosion mechanism?

Some still incompletely understood
combinations of neutrino heating, changes in
nuclear composition, and fluid and magnetic
field instabilities.

Detailed simulations of the full seven-
dimensional problem on the world’s largest
supercomputers will need to continue for many
years into the future.
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What about neutrino flavor mixing?

Supernova neutrinos provide an opportunity to
provide insight into remaining unknown
neutrino properties.

An understanding of neutrino properties is
needed in order to make full use of supernova
neutrinos as a probe of the explosion
mechanism.
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What about neutrino flavor mixing?

MSW resonances occur at some point in the
outer envelope.

Neutrino-neutrino forward scattering seems to
have interesting effects at higher density.

Use of a transport formalism that includes
flavor mixing will ultimately be of interest.

CYC arXiv:0712.1188 (Phys.Rev.D78:085017,2008)



