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Wikimedia: Standard Model of Elementary Particles

Standard Model

Neutrinos in Standard
Model:

® Three flavors
® No mass

® No electric charge,
interacting weakly



radius, wind speed

Neutrinos In Supernovae
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Vacuum Oscillations

neutrino mass eigenstates ¥ weak interaction states
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Matter Effect
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TI'hree Flavor Mixing

WEAK FLAVOR STATES VACUUM MASS EIGENSTATES
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Mass Hierarchy

normal mass hierarchy inverted mass hierarchy




Density Matrix

Pure State:

V) = p= Y)W

Example: |v.) = p =

,
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Mixed State:

P



N Dense Medium

(0s +v-V)p=—iH, p

mass matrix ] electron density
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Oscillations in SN
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Numerical Models

o Coherent forward
' ~ e &/~ scattering outside neutrino
sphere
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Numerical Models

P Stationary emission

p(r,0,P; £, 0, p)



Numerical Models

P e V)

Axial symmetry around the
Z axis

p(r,0; E, 0, )




Numerical Models

Spherical symmetry about
the center (inconsistent?)

p(r; B0, ¢)



Numerical Models

Azimuthal symmetry around
any radial direction

p(r; E,0)

Bulb model




dm? =3 x 1073 eV? ~ dm

0
Lo

0.8

0.6

cos g

04

0.2

0.0

4

2 (Survival Probability)
o 0.2 0.4 0.6 0.8

I T,

YVYY'VY'V]VV"VY'V'[VV'VY'"'[V'V'V""]VVYV"V'Y[V'V'Y'VYV-‘

n s
f \ Ve 1
- ' | \ -
‘ .I 1
y \ .

| \

.l \
- ‘l \ —

1

"
'S

T
|

1.00.0

Al A2 22322 12222 23322 213232

d & =06t 2% =9

atm?’

% (Survival Probability)

0.2 0.4 0.6 0.8




m? = —3 x 1073 eV? ~ dm?2, |
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Numerical Models

Trajectory independent
neutrino flavor evolution

p(r; E)

Single-angle model
Equivalent to the expansion
of a homogeneous, isotropic gas



neutrino antineutrino
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Avg. Spectra

Neutronization Burst

solar split Normal Mass Hierarchy
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Antineutrinos

Neutrinos
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Dimension matters

single-angle
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Flavor instability

Duan & Friedland (2010)



Nucleosynthesis

NO OSC.
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Trajectory Dependence

p(r; B, 0)



Directional Symmetry
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* Unstable dipole (/=1) modes break the

directional symmetry.

Duan (2013)



Inverted Hierarchy

Duan (2013)



Normal Hierarchy

Duan (2013)
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Directional Symmetry




| Ine Model

Duan & Shalgar (2015)



Spatla\ Symmetry
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Spatial Symmetry
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Temporal Symmetry
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Fast Neutrino Oscillations

* Usually flavor instabilities grow
at rates comparable to

vacuum oscillation frequency. Ve Sphere

* Fast oscillations grow at rates
comparable to (Gr nv).

 Fast oscillations can occur
because of different angular
distributions of ve and anti-ve.

Ve SPhere

e Can fast oscillations occur
within the proto-neutron star?

Sawyer (2015)
Chakraborty+ (2016)



summary

Neutrinos are important in SNe (dynamics,
nucleosynthesis, new probe).

Neutrino oscillations are also important because they
change tluxes in different tlavors.

The dense neutrino medium surrounding the nascent
neutron star can oscillate collectively (Lecture 1).

Neutrino oscillations can be qualitatively different in
different models.



summary

* Assumptions of the bulb model:
* Axial symmetry (in momentum space).
e Spherical symmetry (in real space).

e Stationary assumption (time translation
symmetry).

e Same neutrino sphere (or angular distribution)
for all flavors.



summary

 Recent progress (Lecture 2):

o Axtat-syrrmetry-Hrmementurm-space) -> oscillations in
both neutrino mass hierarchies.

o Sphereatsymmetry-rreal-spaee} -> relief in self-
suppression.
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relief in matter suppression.

Havoers -> fast oscillations.



