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Core Collapse Supernovae

= Stars with M >~ g M_ . burn their core to Fe
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= Details of coupling somewhat uncertain

=After explosion, leave hot dense remnant



Core Collapse Supernovae: Multi-

Messenger Events
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Outline

Proto-neutron star neutrino emission and
nucleosynthesis in the innermost regions of
supernovae

Models of PNS neutrino emission

Charged current interaction rates in PNS
atmospheres

Predictions for NDW compositions



Proto-Neutron Star Neutrino

Emission
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What can we learn from supernova

neutrinos?

Supernova explosion mechanism Heavy elements in low metallicity halo stars
Neutronization burst ' ' ' ' ' '
Duration of accretion phase

Pro“berties of high density matter
Phase transitions at high densities

Sub saturation density properties of
nuclear matter
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The Neutrino Driven Wind

* As neutrinos leave the PNS, they deposit
energy in material at the neutron stars
surface

* Drives an outflow from the surface of the Neutron captures and beta decays
neutron star

* Electron fraction is determined by the Charged Particle Reactions
neutrino interactions, some neutrons
turned into protons and vice-versa vl e

Sets entropy and mass loss rate

Ve + M — € —+ D

Ve +p — e +n

*Possible site to make some interesting
nuclei that are not made during normal
stellar evolution: r-process, light p nuclides,
N = 5o closed shell nuclei Sr, Y, Zr

Hydrostatic Atmosphere




Different Modes of Nucleosynthesis

A N=50 Closed Shell Elements

Proton number (Z)




Wind nucleosynthesis:

The important parameters
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Ingredients for Modeling PNSs

Neutron star structure

T (MeV)

Boltzmann neutrino transport

Nuclear equation of state R

Neutrino opacities




Ingredients for Modeling PNSs

Neutron star structure
Boltzmann neutrino transport
Nuclear equation of state

Neutrino opacities

Need to be constrained by
experiment!

T (MeV)

4 038 1.2
Enclosed Baryonic Mass (Solar Units)



Moment Approach to Transport

Simplify the formalism and make the problem simple

Assume spherical symmetry:
distribution only depends on rand u

Transform to energy at infinity to
obviate GR red shift corrections

Truncate infinite hierarchy of
moments after second moment

Use energy integrated formalism to
reduce number of energy groups
required and correctly capture
neutrino Fermi surface
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Input Physics:

Neutrino Opacities Consistent with Underlying EoS

Relativistic, inelastic, weak magnetism

V + N <>V + N corrections, mean field (Reddy et al. ‘g8,

Horowitz & Perez-Garcia '03)
Ultra-relativistic, inelastic (Yueh & Buchler '77,

vV+e <>v+e )

Non-relativistic, One-pion exchange, uncertain

V + \_/ -+ N + N <> N + N (Hannestad & Raffelt '98)

_ _ + Ultra-relativistic (Bruenn '8g)
V+V <=e¢e +¢é
Relativistic, weak magnetism corrections, mean

vV,tn<=e¢e +p field (Reddy et al. ‘98)

Relativistic, weak magnetism corrections, mean

‘_/e + p <> €+ + N field (Reddy et al. '98)



What Determines the v, Spectra?

Electron Flavor

“Neutrino sphere” is not well Top o ne*
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defined, energy dependent, range e ing

of densities and temperature
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Charged current rates introduce
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What effects the charged current
interaction rates?




What Determines the v, Spectra?

"Neutrino sphere” is not well
defined, energy dependent, range
of densities and temperature

Both charged and neutral current
reactions important to v, and anti-
v, decoupling radii

Charged current rates introduce
asymmetry between neutrinos and
antineutrinos

What effects the charged current _ |
interaction rates? R I .




Charged Current Interaction Rates

Ve + N — € +p Ve +p — € +n
Differential cross-section: (e.g. Reddy et al. 1998, Burows & Sawyer 1999)
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Charged Current Interaction Rates

In Medium

Nucleons are in an interacting medium, mean

field approximation assumes density
dependent mean fields, which alter nucleon

dispersion relations: ff‘
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The Nucleon Response

Nucleons are in an interacting medium, mean e.g. Reddy et al. 1998, Horowitz & Perez-Garcia
field approximation assumes density 2003, LR, Reddy & Shen 2012

dependent mean fields, which alter nucleon N
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Neutrino emission w/ and w/o

Nuclear Interactions

See LR '12 and Martinez-Pinedo et al. ‘12

Mean fields shift average neutrino Neutrino driven wind electron
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Integrated Wind Nucleosynthesis

Pi — See also recent pre-print by
Xl',Q(Mw + Msn) Wanajo (arXiv:1305.0371)
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the same old problem.



Equation of State Dependence
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The Deleptonization Rate

Asymmetry also Effec-tS 1 [N rr rr | rrni | rrni | I H
deleptonization rate of PNS — o |3

_ — IU-FSU | -
Inclusion of mean fields — NoMF | -

increases deleptonization
timescale
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Larger L results in longer
deleptonization timescale
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What else is still uncertain for

charged current rates?

Multi-pair Excitations
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Summary

Nailing spectra most important part of understanding
NDW nucleosynthesis

Uncertainties in v, and anti-v_neutrino emission from
PNSs

The importance of the nuclear MF potentials to PNS

charged current interactions, moving back to being
neutron rich

Expected nucleosynthesis depends on the EoS,
specifically the nuclear symmetry energy



