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Neutrinos in Supernovae
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V oscillations in SN
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(1+2)D
Multi-Angle/Bulb Model

propagation
direction

|

¥ (r, B, D)

energy

previous assumptions +
Azimuthal symmetry around
any radial direction




(1+1)D
Single-Angle

Equivalent to an expanding
homogeneous neutrino gas

o(r, E)

energy

previous assumptions +
Trajectory independent
neutrino flavor evolution
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neutrino antineutrino
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Neutrino Self-Coupling
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Vacuum Oscillations

neutrinos are generated/detected in flavor states

neutrino mass eigenstates # neutrino flavor states

V1) = cosOy|ve) +sinb,|v,) with mass m;

Vo) = —sint,|ve) + cosl,|v,) with mass ma
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Neutrino Flavor Isospin
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Vacuum Oscillations
Again
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MSWV Again
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5m2<0

MSWV Mechanism
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Bipolar System

no-energetic v-rv gas
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Bipolar System

Inverted Mass Hierarchy
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Bipolar System

| [rrrrr e I [rrrrrrrr _

0.5E

I

|

|

I

|

|

o |
< b | T4, E
803 (d) ]

° |

|

|

I

|

|

(HD et al, 2007) nv/n,

ISSAC 2014, La Jolla, July 2014

Friday, July 25, 14



Bipolar System

Normal Mass Hierarchy
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Com varison
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Homogeneous Gas

—sw = S, ><H
dr

— —
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Collective Oscillations

rotational symmetry of EoM

) 4

collective precession of flavor isospins
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Multi-angle calculation

dm? = -3 x 107%eV® ~ ém?2., 6, =0.1
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Multi-angle calculation
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Precession Mode

precession all s, precess about €, with a common angular speed wp,
ansatz
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Adiabatic Process
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Spectral Swap/Split
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Linear Stability Analysis
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Multiangle Suppression

single-angle
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New Developments
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Moment Method
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Neutrino Halo

(Cherry et al, 2012)
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Neutrino Halo
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Summer School on Frontiers in Nuclear Astrophysics, Shanghai, May 2014
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Spontaneous Symmetry
Breaking?

® A symmetry in the EoM does not guarantee that
its solution(s) will also be symmetric.

® Even if the system may be approximately
symmetric initially, a non-symmetric mode may
quickly dominate if it is unstable.

® Numerical calculations suggest that supernova
neutrino oscillations may not be axially symmetric
even in the (1+2)D model. [Raffelt et al, 2013; Mirizzi, 2013]
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(1+3)D

propagation
direction

|

U(r, E, 9, @)

A

energy

previous assumptions +
Spherical symmetry about
the center (Consistency!?)
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Homogeneous Gas Again
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Inverted Hierarchy

; (Duan, 2013)
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Normal Hierarchy

; (Duan, 2013)
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Implications for SN v

® (Collective oscillations can occur in either mass
hierarchy.

® Oscillations can occur deeper in the NH case
than the IH case.
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Summary

® Neutrinos offer a unique and direct probe
into the center of stars, including

supernovae.

i~
e

~® Neutrinos are essentlal to supernoya
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