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How a Supernova Explodes

When a large star runs out of nuclear fuel, the core wwllapses
. pp » L I el 4 4
in milliseconds. The subsequent “bounce”of the core generates

a shocx wave so intense char it Dlows off mostof the star s mass

by Hans A. Bethe and Gemld Brown
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Abstract: The equation of state in stellar collapse is derived from simple considerations, the crucial
ingredient being that the entropy per nucleon remains small, of the order of unity (in units of k),
during the entire collapse. In the early regime, p ~ 10'%-10"* g/crn‘, nuclei partiaily dissolve into
«-particles and neutrons; the a-particles go back into the nuclei at higher densitics. At the higher
densitics, nuclei are preserved right up to nuclear matter densities, at which point the nucleons are
squeezed out of the nuclei. The low entropy per nucleon prevents the appearance of drip nucleons,
which would add greatly to the net entropy.

We find that electrons are captured by nuclei, the capture on free protons being negligible in
comparison. Carrying the difference of neutron and proton chemical potentials u,~ g, in our
capture equation forces the energy of the resulting neutrinos to be low. Nonetheless, neutrino
trapping occurs at a density of about p =10'% g/em”. The fact that the ensuing development to
higher densities is adiabatic makes our treatment in terms of entropy highly relevant.
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Fig. 1. Shell-model description of the electron capture. In the capture, protons will go to the f; level of the
daughter nucleus, which then decays by y-emission down to the 2p orbitals.

What we are saying in shell-model language is that ground-state to ground-state or
low excited-state transitions are hindered through admixture of the giant Gamow-
Teller state, whereas in the electron capture process the transition occurs to the giant
Gamow-Teller state itself.

In its role of hindering low-lying B8-transitions, the Gamow-Teller state is analo-
gous to the giant dipole state, admixture of which retards low-lying E1 transitions by
factors of ~100 to 1000. On the other hand, the Gamow-Teller strength has not
been found in one relatively concentrated state, as in the case of the giant dipole
resonance. This should not matter for the discussion here, since the strength, even if
fragmented, should play the same role in hindering low-lying transitions.



" Supernova: collapse phase

Inipdrtant nuclear input:

Electron capture on nuclei

Neutrino-nucleus reactions




Supernova: "explosion
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Closer look on

. electron Capture In presupernova phase
(nuclear Composmon A 60y

- eIeotronCapture duFing Collapée |
“(nuclear composition A > 65) |

- nuclear deexcitation by neutrino pairs. -




Electron capture: Lab vs Stars
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Capture is dominated by Gamow-Teller transitions

During collapse, electrons are described by Fermi-Dirac distribution
with chemical potentials:of-order a.few MeV

Parent.nuclei are described by thermal ‘ensemble




Calculating stellar capture rates

51v(d,2He)>Ti
E,.p=171 MeV
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data KVI Groningen

-Capture-on nuclei in r'néss range A~45-65 calculated by large-scale. shell model

Capture rates are noticeably smaller than assumed before!




model electron capture
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Consequences of capture rates

shell model rates for Fe-Ni nuclei

slower by order of magnitude

smaller iron core
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. Abundances in Type la's

Type la‘s have p‘rdduced'about half of the :
abundance of nickel-iron.range nuclel in
the Universe . |
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¥ Experiment vs shell model

Cole, Zegers et al., PRC 86 (2012) 015809 |
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Iron-nickel mass range under control

With increasing density, less sensitivity to details of GT distribution
-> models less sophisticated than shell model suffice, e.q. QRPA




; Electroh Capture on 20Ne

o Important for Iate evolution of O-Ne- Mg
« cores of 8-10 solar mass stars .
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Effect of screening

. beta deeay rate enhanced but eIectron
capture rate reduced
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. Abundance distribution during
| .coHapse
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presupernova neutrino trapping

Electron captures drive nuclear composition towards neutron-rich
: unstable nuclei




Unblocking GT for nuclei with -
neutron'numbers N>40

nevtrons P TOtOHS

Core
20

* “In Independent:Particle-Model, GT are Pauli-blocked for N>40
In reality, blocking-does not occur due to.correlations and finite T.
Calculations of rates by SMMC/RPA model.:




" B(GT) strengths for 76Se.

34 protons, 42 neutrons

= W

Zhi, Martinez-Pinedo, Sieja, Nowacki




Experimental GT distributions
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" Neutron occupancies
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Data from transfer reactions: J.P Schiffer and collaborators



Convergence with truncation level
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Cross-shell-correlations converge slowly. Hence, models like

thermofield dynémics model or finite temperature QRPA, which
consider only 2p-2h correlations, do not suffice. (Zhi et al:)




Inelastic neutrino-nucleus scattering
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F - —— Only GS (SDalinac data) PCr validation of nu-nucleus cross sections

£ ——— Only GS (Theory)

F — T-08Mev from precision (e,e') M1 data

-Martinez-Pinedo, Richter, Neumann-Cosel
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Normalized Burst Spectra neutrino scattering on nuclei acts as

(r=400km, electron neutrinos) ; e3s 4 '
additional obstacle — in-particular

-for high-energy neutrinos

supernova neutrino spectrum shifts

to lower energies ,

smaller event rates, for earthbound

supernova neutrino detectors

— without inelastic scattering on nuclei (ISN)

-- VRN G, fonLSEOS) Janka, Hix, Martinez-Pinedo,
E ‘ Juogadalvis, Sampaio




. Consequences for supernova
‘ detectors

Detector Material (o) (10~%2 cm?) Change
With A(v,v")A*  Without A(v,v')A*
ONO d 0.92 7.08 16%
MiniBoone 120 0.098 0.17 43%
2C (Nqs) 0.089 0.15 41%
S-Kamiokande €0 0.013 0.031 58%
lcarus “Ar 17.1 21.5 20%
Minos %Fe 8.8 12.0 27%
OMNIS 208ph 147.2 201.2 27%

Change in supe'rnova neutrino spectra reduces neutrino detection rates




Inelastic neutrino-nucleus
‘ scattering

Only GS (SDalinac data)
Only GS (Theory)
T=0.3MeV

Potential consequences:

@ thermalization of neutrinos
during collapse

@ preheating of matter before
passing of shock

o nucleosynthesis, vp-process @ neutrino cross sections from
(e, €') data

@ validation of shell model

@ G.Martinez-Pinedo, P. v.
Neumann-Cosel, A. Richter
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@ supernova neutrino signal




" Nuclear de-excitation




De-excitation rates




- De-excitation strength
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—— Fuller & Meyer (1991)

—— Fuller & Meyer (1991)
Gauss approximation

Gauss approximation
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De-excitation rates
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Role of nuclear de-excitation in
- supernova simulation

nuclear de-excitation (Fuller & Meyer 1991)
no nuclear de—excitation (reference case)
nuclear de—excitation (Gauss approximation)
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The RIB Chance: New Horizons
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