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Introduction



Neutrino Mixing
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Vacuum Oscillations

neutrino mass eigenstates # weak interaction states

V1) = cosOy|ve) +sinb,|v,) with mass my
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Matter Effect
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Dense Neutrino Gas




Mean-Field Approximation

Flavor density matrix

1q-r A A d3q
Lop(t, 1)) = Je TP | dy(p — /2) dyp + q/2) | 'P(0) (o)
S, S f,, : occupation
P = :
e S : coherence

Sigl & Raffelt (1993)



Flavor Transport

Equation of motion

(0,+V-V)p=—1[H,pl+

mass matrix ] electron density
M2 1
H = V2Gg diag[n.,0,0] + H,,

neutrino energy & '
v-v forward scattering

(self-coupling)

= \@GF /d3p/(1 . ‘A’/)(Pp’ s Ol

Sigl & Raffelt (1993)



7D Problem

P . Coherent forward
by Loy 3 scattering outside neutrino
sphere

Pp(t, )




Bulb Model

Azimuthal symmetry around
any radial direction

PE,@(” )




Numerical Results

Bulb model (late time)
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Numerical Results

Neutronization burst
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Some Theories



Linear Stability Analysis

Homogeneous and isotropic gas

Electron flavor neutrinos and antineutrinos initially
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« Normal modes —> Collective oscillations (9, S ~ e‘lgt)

« Im(€L2) > 0 —> Flavor instabilities
Banerjee+ (2011)



Flavor Instabilities

single-angle
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Collective Oscillation Wave

—i(Qr—K-r)
Sp(t, ) x ¢

 Collective flavor oscillations are the collective wave modes in the
neutrino gas with the dispersion relation Q(K).

« Im(€2) > 0 —> Flavor instabilities.

 Slow oscillations occur on the distance scale of 1 km
(~ 10MeV/Am?

atm) "

e Fast oscillations can occur on the distance scale of 1 cm
( ~ 1/Ggn ), independent of the neutrino energies (Sawyer, 2016).

» Collective oscillations spontaneously break the spatial
symmetries in the nonlinear regime.

HD+ (2008)
lzaguirre+ (2017)



Neutrino Flavor-Spin and Distribution
Aka flavor isospin and ELN distribution
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HD+ (2005)
Dasgupta+ (2009)



Flavor Instability and Crossing

f,/e—f,/x /g =0

G(E, ¥) =
i I ———

 |dentical neutrino angular distribution: Slow flavor instability
requires crossing in G(E).

» Fast flavor instability requires crossing in G(V).

e Mixing of the fast and slow instabilities?

Dasgupta+ (2009)
lzaguirre+ (2017)
Airen+ (2018)



Flavor Crossing

1D axisymmetric neutrino gas
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Flavor Distribution Crossing

1D axisymmetric neutrino gas
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Vv, Martin+ (2020)



Convective Instability

1D axisymmetric neutrino gas
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Absolute Instability

1D axisymmetric neutrino gas
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Kinematic Decoherence
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Richers+ (2021)

Wu+ (2021)



Effects of Collisions



Neutrino Halo

vN neutral-current scattering
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Collision and Fast Oscillations
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Collision and Fast Oscillations

vN neutral-current collisions
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Neutral-current /N collisions tend to

damp/destroy fast flavor instabilities

Martin+ (2021)



Collision and Fast Oscillations

vN neutral-current collisions
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Shalgar & Tamborra (2021)
Sasaki &Takiwaki (2021)
Hansen+ (2022)



Collision and Fast Oscillations

Charged-current collisions
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Charged-current collisions can induce

collisional flavor instability - Johns (2021)
Lin & HD (2022)

Xiong+ (2022)




Summary

* A dense neutrino gas can experience collective flavor oscillations
because of the vv coupling.

* A crossing in the neutrino flavor distribution can produce flavor
instabilities.

* Neutrino collisions can also induce/enhance flavor instabilities/
conversions.

* Flavor oscillation waves are produced as the flavor instabilities
grow out of the linear regime.

e Kinematic decoherence of the oscillation wave can lead to “flavor
equilibrium?.



