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Neutrino Oscillation
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Collective Neutrino Oscillation

Duan, Fuller & Qian [arXiv:1001.2799]
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Degeneracy with Boltzmann Eq.

Degeneracy is described by phase space factors:

Boltzmann 
Equation:
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Degenerate Oscillation

Fermion oscillation needs to involve 3 parts:

In QFT, fermion mixing is described as

SFG, Chui-Fan Kong, Pedro Pasquini [2310.04077]

Pauli blocking factor already appears in amplitude!

Spinors u & v combined into Mp & Md
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Degenerate Oscillation in QFT
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Degenerate Oscillation in QFT

Events detected w/o oscillation

Events detected after oscillation

Fraction of events in β flavor
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GUT & Baryon Number Violation

GUT Model
Baryon Number 
Violation

Proton Decay

Neutron-Antineutron 
Oscillation

12 / 26



Shao-Feng Ge [gesf@sjtu.edu.cn] New Opportunities 2024 @ IHEP

Degenerate n-nbar Oscillation

Being neutral, neutron can have Majorana mass term:

13 / 26



Shao-Feng Ge [gesf@sjtu.edu.cn] New Opportunities 2024 @ IHEP

Degenerate n-nbar Oscillation

Being neutral, neutron can have Majorana mass term:

Mixing between neutron & antineutron

13 / 26



Shao-Feng Ge [gesf@sjtu.edu.cn] New Opportunities 2024 @ IHEP

Degenerate n-nbar Oscillation

Being neutral, neutron can have Majorana mass term:

Mixing between neutron & antineutron

Neutron-antineutron oscillation!

13 / 26



Shao-Feng Ge [gesf@sjtu.edu.cn] New Opportunities 2024 @ IHEP

Degenerate n-nbar Oscillation

Being neutral, neutron can have Majorana mass term:

Mixing between neutron & antineutron

Neutron-antineutron oscillation!

13 / 26



Shao-Feng Ge [gesf@sjtu.edu.cn] New Opportunities 2024 @ IHEP

Degenerate n-nbar Oscillation

Being neutral, neutron can have Majorana mass term:

Mixing between neutron & antineutron

Neutron-antineutron oscillation!

13 / 26



Shao-Feng Ge [gesf@sjtu.edu.cn] New Opportunities 2024 @ IHEP

Degenerate n-nbar Oscillation

14 / 26



Shao-Feng Ge [gesf@sjtu.edu.cn] New Opportunities 2024 @ IHEP

Degenerate n-nbar Oscillation

reduces to the usual one with

14 / 26



Shao-Feng Ge [gesf@sjtu.edu.cn] New Opportunities 2024 @ IHEP

Degenerate n-nbar Oscillation

reduces to the usual one with

in a dense neutron environment

14 / 26



Shao-Feng Ge [gesf@sjtu.edu.cn] New Opportunities 2024 @ IHEP

Degenerate n-nbar Oscillation

reduces to the usual one with

in a dense neutron environment

14 / 26



Shao-Feng Ge [gesf@sjtu.edu.cn] New Opportunities 2024 @ IHEP

Degenerate n-nbar Oscillation

reduces to the usual one with

in a dense neutron environment

x

14 / 26



Shao-Feng Ge [gesf@sjtu.edu.cn] New Opportunities 2024 @ IHEP

Degenerate n-nbar Oscillation

reduces to the usual one with

in a dense neutron environment

x

14 / 26



Shao-Feng Ge [gesf@sjtu.edu.cn] New Opportunities 2024 @ IHEP

Degenerate n-nbar Oscillation

reduces to the usual one with

in a dense neutron environment

x

✔
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Zero Distance Limit

The degeneracy effect already appears at zero distance!

Standing fraction of antineutron in neutron star.

Note that only neutron is in thermal equilibrium!

15 / 26



Shao-Feng Ge [gesf@sjtu.edu.cn] New Opportunities 2024 @ IHEP

Outline

● Degenerate Oscillation

● Neutron Star Cooling & GUT

● Neutron-Antineutron Oscillation in NS

16 / 26



Shao-Feng Ge [gesf@sjtu.edu.cn] New Opportunities 2024 @ IHEP

Neutron Degeneracy in NS

Fu, SFG, Guo & Wang [arXiv:2405.08591]

17 / 26



Shao-Feng Ge [gesf@sjtu.edu.cn] New Opportunities 2024 @ IHEP

Neutron Degeneracy in NS

Degenerate 
fermi gas:

Fu, SFG, Guo & Wang [arXiv:2405.08591]

17 / 26



Shao-Feng Ge [gesf@sjtu.edu.cn] New Opportunities 2024 @ IHEP

Neutron Degeneracy in NS

Degenerate 
fermi gas:

Fu, SFG, Guo & Wang [arXiv:2405.08591]

17 / 26



Shao-Feng Ge [gesf@sjtu.edu.cn] New Opportunities 2024 @ IHEP

Neutron Degeneracy in NS

Degenerate 
fermi gas:

Fu, SFG, Guo & Wang [arXiv:2405.08591]

17 / 26



Shao-Feng Ge [gesf@sjtu.edu.cn] New Opportunities 2024 @ IHEP

Antineutron Distribution

18 / 26



Shao-Feng Ge [gesf@sjtu.edu.cn] New Opportunities 2024 @ IHEP

Antineutron Distribution

Huge enhancement

18 / 26



Shao-Feng Ge [gesf@sjtu.edu.cn] New Opportunities 2024 @ IHEP

Antineutron Distribution

Huge enhancement

18 / 26



Shao-Feng Ge [gesf@sjtu.edu.cn] New Opportunities 2024 @ IHEP

Antineutron Distribution

Huge enhancement

18 / 26



Shao-Feng Ge [gesf@sjtu.edu.cn] New Opportunities 2024 @ IHEP

Antineutron Annihilation

During a single annihilation, nucleon number reduces by 2During a single annihilation, nucleon number reduces by 2During a single annihilation, nucleon number reduces by 2During a single annihilation, nucleon number reduces by 2

19 / 26



Shao-Feng Ge [gesf@sjtu.edu.cn] New Opportunities 2024 @ IHEP

Antineutron Annihilation

During a single annihilation, nucleon number reduces by 2

Replacing the antineutron number density

During a single annihilation, nucleon number reduces by 2During a single annihilation, nucleon number reduces by 2During a single annihilation, nucleon number reduces by 2

19 / 26



Shao-Feng Ge [gesf@sjtu.edu.cn] New Opportunities 2024 @ IHEP

Antineutron Annihilation

During a single annihilation, nucleon number reduces by 2

Replacing the antineutron number density

During a single annihilation, nucleon number reduces by 2During a single annihilation, nucleon number reduces by 2During a single annihilation, nucleon number reduces by 2

19 / 26



Shao-Feng Ge [gesf@sjtu.edu.cn] New Opportunities 2024 @ IHEP

Antineutron Annihilation

During a single annihilation, nucleon number reduces by 2

Replacing the antineutron number density

During a single annihilation, nucleon number reduces by 2During a single annihilation, nucleon number reduces by 2During a single annihilation, nucleon number reduces by 2

19 / 26



Shao-Feng Ge [gesf@sjtu.edu.cn] New Opportunities 2024 @ IHEP

Antineutron Annihilation

During a single annihilation, nucleon number reduces by 2

Replacing the antineutron number density

During a single annihilation, nucleon number reduces by 2During a single annihilation, nucleon number reduces by 2During a single annihilation, nucleon number reduces by 2

NS lifetime > 106 yrs
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NS Cooling Data

Potekhin, Zyuzin, Yakovlev, Beznogov & Shibanov
MNRAS 496, 5052-5071 (2020) [arXiv:2006.15004]
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NS Cooling

Heating power Cooling power
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Constraints on GUT

which is far beyond the Planck scale!
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Summary

● Degenerate Oscillation

● Neutron Star Cooling & GUT

● Neutron-Antineutron Oscillation in NS

1. Consistent picture of degeneracy in external 
& intermediate state

1. Concrete realization with n-nbar oscillation

2. Standing fraction of antineutron

1. Degeneracy enhancement

2. Very strong constraint
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