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Neutrino-heating mechanism for CC supernova

The (anti)neutrino heating rate

Qν,ν̄ ∼ Lν,ν̄〈E2
ν,ν̄〉Yn,p,

where Lν,ν̄ (Eν,ν̄) is the neutrino luminosity
(energy), and Yn,p is the number fractions of free
protons and neutrons.

The success of the delayed supernova explosion depends critically on Lν,ν̄ and 〈E2
ν,ν̄〉.

The deeper and the hotter is the neutrino-sphere, the larger is a fraction of
hight-energy (anti) neutrinos and the larger is the luminosity.
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Charged-current reactions in neutrino-sphere
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Neutrino-sphere – neutron-rich gas of nucleons:

ρ ≈ (0.01− 0.1)ρ0, T = 2− 10 MeV.

Due to neutron-rich conditions ∆Unp = Un − Up � 0. In
elastic approximation (q = 0):

Ee− = Eνe + ∆Unp, while Ee+ = Eν̄e −∆Unp.

Mean-field effect favors νe-absorption, but suppresses
ν̄e-absorption.

Nucleon-nucleon correlations may be important because:
Neutrino wavelength: Λν = 2π~c

Eν
≈ 100 fm.

Inter-nucleon distance: a =
(

3
4πρ

)1/3 ≈ 10 fm.

We have Eν ∼ Γ for Eν ≈ 3T and
Γ ∼ 〈σNNv〉ρ ≈ 30 MeV.

(BLTP JINR, Dubna) CHARGED-CURRENT NEUTRINO ... Dubna, March 20 – 22, 2019 3 / 14



Opacity and strength functions

Neutrino and antineutrino opacity: χ(or λ−1) = ρ× σabs. The smaller opacity
leads to larger 〈Eν,ν̄〉 and Lν,ν̄ .

The differential cross section for νe- and ν̄e-absorption:

1
V

d2σ(Eν,ν̄)
dcosθdω

= G2
F cos

2θc
4π2 Eepe(1− f(Ee))

{
g2
V

[
1+cosθ

]
S(±)
τ (q, ω,T )

+ g2
A

[
3−cosθ

]
S(±)
στ (q, ω,T )

}
.

Fermi and Gamow-Teller strength functions :

S(±)
α (q, ω) = Z−1

∑
ij
e−Ei/T |〈f |Q(±)

α |i〉|
2δ(Ef − Ei − ω),

{
(+) for n→ p
(−) for p→ n

where Q(±)
τ ∼ eiqrτ± (Fermi), Q(±)

στ ∼ eiqrστ± (Gamow-Teller), and τ+(τ−) for
νe (ν̄e)-absorption.

The detailed balance principle:

S(∓)
τ,στ (q, ω, T ) = e(ω−µp+µn)/TS(±)

τ,στ (q,−ω, T ).

(BLTP JINR, Dubna) CHARGED-CURRENT NEUTRINO ... Dubna, March 20 – 22, 2019 4 / 14



Random Phase Approximation (RPA)

Fluctuation-dissipation theorem:

S(±)
τ,στ (q, ω, T ) = − 1

π

Im
[
Π(±)
τ,στ (q, ω, T )

]
1− e−(ω∓∆µnp) .

The response function and the particle-hole Green’s function

Π(q, ω, T ) = 2
∫

d3k
(2π)3G(q, ω,k, T ).

Within the RPA the Green’s function is the solution of the Bethe-Salpeter equation:

GRPA(q, ω,k1) = GHF (q, ω,k1)+GHF (q, ω,k1)
∫

d3k2

(2π)3 Vph(q,k1,k2)GRPA(q, ω,k2).

where GHF (q, ω,k1) is the free Hartree-Fock propagator.
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Skyrme energy density functional

The Skyrme effective interaction:

V (r1, r2) = t0(1 + x0Pσ)δ(r) + 1
2 t1(1 + x1Pσ)(k2δ(r) + δ(r)k′2)

+ t2(1 + x2Pσ)k′δ(r)k + 1
6 t3ρ

α(R)(1 + x3Pσ)δ(r)

+ iWSO(σ1 + σ2)[k′ × δ(r)k],

The Skyrme energy-density functional:

E [ρ] = Ekin + ESkyrme(xi, ti,WSO, ρ, τ, . . .)

The Hartree-Fock mean-field:

Uτ (k) = δE [ρ]
δρ(kk)

and Un � Up for ρn � ρp.

The particle-hole interaction:

〈k′1, k′2|Vph|k1, k2〉 = δ2E [ρ]
δρ(k′1,k

′
2)δρ(k1,k2)

With the Skyrme interaction the Bethe-Salpeter equation reduces to a system of
23 linear equations.
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”Consistent” Skyrme parametrizations

240 Skyrme interaction parameter sets were tested and only 16 satisfy all criteria.
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”Best fit" Skyrme parametrizations

Calculations for PNM based on the chiral EFT and
RG predict that m∗/m ≈ 1.0 for densities
ρ < 0.1 fm−3.

⇐= EOS for PNM obtained by N3LO calculations
based on chiral EFT
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Strength functions with Ska35

ρ = 0.02 fm−3, Yp = 0.1, q = 0.2 fm−1 (Un − Up ≈ 13 MeV)
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Strength functions with Ska35

ρ = 0.02 fm−3, Yp = 0.1, T = 8 MeV
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Differential cross sections
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Neutrino and antineutrino opacities
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Neutrino and antineutrino opacities
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Conclusion

The neutrino and antineutrino opacities due to charged-current reactions near
neutrino-sphere have been studied by applying the Skyrme-RPA.

The opacities are found to be quite sensitive to the difference between neutron and
proton mean-field potentials and RPA correlations.

It is found that Skyrme parametrizations from the ”best fit set” give very close
results.

One expect that RPA particle-hole correlations increase the efficiency of neutrino
heating and favor the supernova explosion.
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