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How to Become a Star

Virial theorem for a contracting gas cloud
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Bethe & Wilson 1985
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Figure 5
(a) Neutrino-powered electron-capture supernova (ECSN) of an 8.8-M ⊙ star with an O-Ne-Mg core (21, 28), visualized by mass-shell
trajectories of a one-dimensional simulation (105). The SN shock (bold, outgoing line) expands for ∼50 ms as an accretion shock (the
downstream velocities are negative) before it accelerates by reaching the steep density gradient at the edge of the core. Neutrino
heating subsequently drives a baryonic “wind” off the proto–neutron star (PNS) surface. Colored lines mark the inner boundaries of the
Mg-rich layer in the O-Ne-Mg core (red; ∼0.72 M ⊙), the C-O shell (green; ∼1.23 M ⊙), and the He shell (blue; ∼1.38 M ⊙). The
outermost dashed line indicates the gain radius, and the inner solid, dashed, and dash-dotted lines represent the neutrinospheres of νe ,
ν̄e , and νx , respectively. (b) Neutrino luminosities and mean energies from an ECSN for the infall, νe breakout burst, accretion phase,
and PNS cooling evolution (107). The average energies are defined as the ratio of energy to number fluxes. Panel a reproduced with
permission from ESO.

burning front that explodes the star. The heating was considered to occur mainly by neutrino-
electron scattering.

Although this is an appealing idea, neither the stellar nor dynamical conditions assumed for
this scenario could be verified by detailed progenitor and explosion models. In, for example,
O-Ne-Mg-core progenitors, which define the low-mass limit of stars that undergo core collapse to
radiate large neutrino luminosities, the C and O shell is initially located between roughly 500 and
1,000 km (at densities !4 × 108 g cm−3) and falls dynamically inward (with compression-induced
burning) long before it is exposed to a high fluence of neutrinos (Figure 5). If, in contrast, the O
and C layers are farther out at r > 1,000 km, as in more massive Fe-core progenitors (Figure 2),
then the neutrino flux is diluted by the large distance from the source, and the electron densities
(and degeneracy) there are much lower than those adopted by the Russians (147–150). Therefore,
neutrino-electron scattering cannot raise the temperature to the ignition threshold.

Presently, PISNe are the only stellar core-collapse events wherein the explosion mechanism is
known to be based on thermonuclear energy release (Section 2.4). However, a closer examination
of the possibility of neutrino-triggered burning in the significantly more compact low-metallicity
stars might be interesting.

4.2. Bounce-Shock Mechanism
The purely hydrodynamical bounce-shock mechanism (4, 5), in which the shock wave launched
at the moment of core bounce (Section 2.2) causes the prompt ejection of stellar mantle and
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Neutrino Emission from a Low-Mass SN
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Setting n/p in the Neutrino-Driven Wind
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Indications for eV-Scale Sterile Neutrinos

reactor antineutrino anomaly (Mention et al. 2011)
LSND, Mini-BooNE, Gallium anomaly 
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Figure 1. Left: Allowed regions of oscillation parameters from SBL reactor data in the 3+1
scheme for a rates only analysis (contours) as well as a fit including Bugey3 spectral data (colored
regions). Right: Event rates in SBL reactor experiments compared to the predictions for three
representative sets of oscillation parameters. The thick (thin) error bars correspond to uncorrelated
(total) experimental errors. The neutrino flux uncertainty is not included in the error bars. The
Rovno and SRP data points at 18 m have been shifted for better visibility.

even shorter baselines. However, from the GOF values given in Tab. 4 we conclude that
also those solutions provide a good fit to the data.

3.2 The Gallium anomaly

The response of Gallium solar neutrino experiments has been tested by deploying radioac-
tive 51Cr or 37Ar sources in the GALLEX [84, 85] and SAGE [86, 87] detectors. Results
are reported as ratios of observed to expected rates, where the latter are traditionally
computed using the best fit cross section from Bahcall [88], see e.g. [19]. The values for
the cross sections weighted over the 4 (2) neutrino energy lines from Cr (Ar) from [88]
are �

B

(Cr) = 58.1 ⇥ 10�46 cm2, �
B

(Ar) = 70.0 ⇥ 10�46 cm2. While the cross section for
71Ga ! 71Ge into the ground state of 71Ge is well known from the inverse reaction there
are large uncertainties when the process proceeds via excited states of 71Ge at 175 and
500 keV. Following [88], the total cross section can be written as
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with X = Cr, Ar. The coe�cients a
Cr

= 0.669, b
Cr

= 0.220, a
Ar

= 0.695, b
Ar

= 0.263 are
phase space factors. The ground state cross sections are precisely known [88]: �

g.s.

(Cr) =
55.2⇥ 10�46 cm2, �

g.s.

(Ar) = 66.2⇥ 10�46 cm2. BGT denote the Gamov-Teller strength of
the transitions, which have been determined recently by dedicated measurements [89] as

BGT
175

BGT
g.s.

= 0.0399± 0.0305 ,
BGT

500

BGT
g.s.

= 0.207± 0.016 . (3.5)

In our analysis we use these values together with Eq. (3.4) for the cross section.

– 10 –

Kopp et al. 2013

�m2 > 0cosmology



Active-Sterile Neutrino Mixing in SNe
(Kainulainen et al. 1991; Nunokawa et al. 1997;

Fetter et al. 2003; Tamborra et al. 2012; Wu et al. 2014)
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• self-consistent treatment of SN dynamics

• flavor evolution with neutrino background

• effects on SN neutrino signals

• potential conflicts with CMB & BBN

• global analyses of neutrino experiments

Other Issues


