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Neutrinos In core-collapse supernovae

collapse

Stellar Core > PNS
M~14M,,

Rys ~ O(10km)

R. .. ~ 0(1,000 km)

Ccore

» Profuse source of neutrinos: v,, v, v;, b, 0, 7,

* Dynamics: revive the stalled shock, neutrino-driven wind

* Nucleosynthesis: weak interactions change electron fraction Y,




Neutrino oscillations

* Equation for neutrino flavor evolution:
d
= i, +H, +H, ol

dt coherent forward
scatterings
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with neutrino flavor density matrix: ¢ =|e% 7, o
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* Neutrino oscillations:
- Vacuum mixing
- Mikheyev—Smirnov-Wolfenstein (MSW) matter effect
- Collective neutrino oscillations and flavor instabilities:
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Neutrino flavor instability

* What is flavor instability”?

special flavor mode enhancing the small flavor

mixing resulted from neutrino propagation
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Ditferent types of flavor instabilities depending on how those

- Slow flavor instability: different vacuum oscillation frequencies for different

energies

- Fast flavor instability: angular spectral crossing




Neutrino collisional processes

e Equation for neutrino flavor evolution with incoherent collisions:
de _
dr

Emission and absorption vtnspte

v,+pSsSn+e”

_ l[ + Hmat + Hw/’ Q]+C(Q)

v,+p+e Sn

Neutrino-nucleon scattering V+tNSUV+N

V+NSU+N
Neutrino-electron scattering ~ v+e* S v+e™
Neutrino pair reactions v+ise +et
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« EAIn classical neutrino transport: df, /dt = j,(1 = f,) — x.f, with emissivity
j, and opacity y..

» EA taking the account of coherent flavor mixing in quantum kinetic
equation (QKE) [A. Viasenko, G. Fuller, V. Cirigliano, 2014; D.N. Blaschke, V. Cirigliano, 2016; ....].
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Collisional flavor instability in homogeneous model

coherent forward scatterings incoherent collisions
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Collisional flavor instability in homogeneous model

o (Collisional flavor instability needs asymmetric collisional rates

e (Growth rate [L. Johns, 2021]:
Re(x) ~ (|C+ C|/2)(ac/a, — 1)
independent of the strength of H,, when H > C
with C = (j, + x,)/2, C = (j, + z,)/2, and asymmetry factors
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 Provide a different condition
from fast flavor instability:

- Y, is small near PNS

Density (103 cm™3)
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. . [Lucas Johns, 2021]
- Heavy-lepton neutrinos are decoupling o ~—

and number densities are diluted




Models with advection
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e Trilemma among
1. self-consistency
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3. exact rates
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Models with advection

Use background matter profiles from spherically symmetric CCSN simulations
(AGILE — BOLTZTRAN) with an 18M, progenitor at four post-bouncing time points:
ty, ~ 150 ms, 250ms, 500ms, 1000ms

Solve the neutrino flavor evolution equation

1 —v? .
J,)0(E,v,) = —ila, H,, 0(E,v,)]+ + Cyns

0, + v,0, +

- in COSEw for two flavors v, and v, up to ~1 ms
- in the absence of fast flavor instability
- Resolutions: N, = 25000, N, = 50, Ny =20

- NES, NPR is more computationally expensive because of Rygg/npr(Es E', V,, V1)

Boundary conditions:

- Inner boundary: neutrinos in thermal equilibrium with matter between 10 and 16 km to mimic
NPR

- Outer boundary: freely stream out at 85 km

Initial perturbation (flavor mixing seed): radial-dependent perturbation in
Gaussian function




asymmetry factor

Evolution of collisional flavor instability

Definitions for analysis: (¢)g(v,) = [dEo(E,v,), (@)4(E) = [dv, o(E,v,), s
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Evolution of collisional flavor instability

 distributions of v, and 7, are affected at the
onset of the flavor conversion, but quickly
restored by large EA rates

* In contrast to the homogeneous model,
spectrum of heavy-lepton (anti)neutrinos
does not converge to that of electron flavor

e leave imprints in the spectra of heavy-lepton
(anti)neutrinos at the free-streaming regime
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Conditions at different supernova snapshots
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Evolution of collisional flavor instability

tp ~ 150 ms to, ~ 500 ms typ ~ 1000 ms
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Summary and outlook

* We implement:
a multi-energy and multi-angle collective neutrino oscillation simulator
to study collisional flavor instability in a spherically symmetric geometry
including advection on a global scale and realistic collisional rates

 We find:
collisional instability leads to conversions near decoupling region
the strength of the instability increases with respect to the post-bouncing time
more likely to manifest in the CCSN dynamics and the emitted neutrino signals

may moderately affect neutrino (induced) nucleosynthetic processes that are sensitive
to the spectra of heavy-lepton neutrino flavors

e (Qutlook:
include NES
artificial attenuation?
dynamic evolution and matter feedback?
fast flavor conversion?
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