=__ TSI m n T e ST
1 . =

i (i um = R "lll]lll"[l““l FIMRAREERREEE oct, s 111111411111}
T HII!III! !il l Ill uuuumam_ v!IIII!IIlIIII!III!lllllllllllilllllililli

Degenerate Oscillation
In
Neutron Star
Shao-Feng Ge

gesf@sjtu.edu.cn

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

July 21, 2024 ); Al i
/ )(% New épportunities l’u‘é‘ ‘r -~

s/ SHANGHAI JIAO TONG UNIVERSITY Tsung Dao Lee Institute




TI!I!!‘I llllllllll'" m T, L S

il Foa -y

RO m n lum s ol tIII!ll!l!!l![!]lll"[l“"ll]IH!! set 1111111111
AR Hll!llI!'!il mwuunumam_ v!IIII!IIIIIII!III!lllllllllllIIIIIIIIHH

e - 2Ry

Degenerate Oscillation
In
Neutron Star
Shao-Feng Ge

gesf@sjtu.edu.cn

FU, SFG, GUO & Wang [aI’XIV240508591] Xuan-Ye Fu Z| Yang Guo Q| Heng Wang
B ZRFBH FRIE
Sy x4 ) July 21, 2024 ;L e
YEZARE p 20 ao B A

Y5 New Opportunities
SHANGHAI JIAO TONG UNIVERSITY Tsung Dao Lee Institute




_ \ﬁ‘ L‘jﬂq T
Tsung -Dao Lee Institute

® Degenerate Oscillation

® Neutron-Antineutron Oscillation in NS

® Neutron Star Cooling & GUT
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v Oscillation in Matter Ak ¥ sy
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PHYSICAL REVIEW D VOLUME 17, NUMBER 9 I MAY 1978

Neutrino oscillations in matter

L. Wolfenstein

Carnegie-Mellon University, Pitisburgh, Pennsylvania 15213
(Received 6 October 1977; revised manuscript received 5 December 1977)

The effect of coherent forward scattering must be taken into account when considering the oscillations of
neutrinos traveling through matter. In particular, for the case of massless neutrinos for which vacuum
oscillations cannot occur, oscillations can occur in matter if the neutral current has an off-diagonal piece
connecting different neutrino ‘types. Applications discussed are solar neutrinos and a proposed experiment
involving transmission of neutrinos through 1000 km of rock.
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Collective Neutrino Oscillation A &R
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Duan, Fuller & Qian [arXiv:1001.2799]
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Degeneracy with Boltzmann Eq.

Boltzmann OJf ¥ Of dx 3 df dp

= Clf]

Equation: Ot

ox dt  Op dt

- d3P2 ddpel 4 e
Clil = (271')32E1f om 32E2f (2«)3233/ 2my32E, ™) 51+ 2 = ps — )

IMP{fif2[1 £ f3][1 % fa] — fafa[l £ fi][1 £ fo]}
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Degeneracy with Boltzmann Eq.

Boltzmann OJf ¥ Of dx 3 df dp

= Clf]

Equation: 9t  9x dt Op dt

- d3P2 ddpel 4 e
Clil = (271')32E1f om 32E2f (2«)3233/ 2my32E, ™) 51+ 2 = ps — )

IMP{fif2[1 £ f3][1 % fa] — fafa[l £ fi][1 £ fo]}

Degeneracy is described by phase space factors: 1+ f
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Description with 2" Quantization

Empty
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Description with 2" Quantization

Empty VS '.1.:. : .‘

(ah)™
=\
a'|[N) = VN + 1|N + 1)

a|N) = VN|N — 1)

IN) = 0)
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Description with 2" Quantization
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Description with 2" Quantization

Empty VS -.1.:0 : .'
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\_ %
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Description with 2" Quantization
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Description with 2" Quantization

Empty VS -.1.:0 : .'
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Description with 2" Quantization
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Description with 2" Quantization
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Description with 2" Quantization
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Description with 2" Quantization

Empty VS -.1.:0 : .‘
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Description with 2" Quantization
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Degeneracy with External State

3

IMP{fifo[l £ f3][1 £ fa] — fafa[l1 £ A1][1 = fo]}

4
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Degeneracy with External State

3

IMP{fifo[l £ f3][1 £ fa] — fafa[l1 £ A1][1 = fo]}

2 4

mtial State: \

M~ (Q+ fl]--alt + Q)

\_ %
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Degeneracy with External State

3

IMP{fifo[l £ f3][1 £ fa] — fafa[l1 £ A1][1 = fo]}

2 4

mtial State: \

M~ (Q+ fl]--alt + Q)
IM|? ~ M*M
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Degeneracy with External State
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Degeneracy with External State

2
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Degenerate Oscillation

In QFT, fermion mixing is described as

i =Y Ulita
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Degenerate Oscillation A @Y
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In QFT, fermion mixing is described as

P = U>.q i~ aue” PiT 4 plyetPic®
0%

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

In QFT, fermion mixing is described as
i =) Uiiha by ~ aue” P 4 blyePi?
SFG, Chui-Fan Kong, Pedro Pasquini [2310.04077]

Fermion oscillation needs to involve 3 parts:

Mpa = Mg ZUﬂi s y}@‘ﬂpzﬂ i|2) | My

Spinors u & v combined into M, & My
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Degenerate Oscillation

In QFT, fermion mixing is described as
i =) Uiiha by ~ aue” P 4 blyePi?
SFG, Chui-Fan Kong, Pedro Pasquini [2310.04077]

Fermion oscillation needs to involve 3 parts:

Mpa = Mg ZUﬂi s y}@‘ﬂpzﬂ i|2) | My
1 —f;

Spinors u & v combined into M, & My
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Degenerate Oscillation

In QFT, fermion mixing is described as
i =) Uiiha by ~ aue” P 4 blyePi?
SFG, Chui-Fan Kong, Pedro Pasquini [2310.04077]

Fermion oscillation needs to involve 3 parts:

Mpa = Mg ZUﬂi s y}@‘ﬂpzﬂ i|2) | My
1 —f;

Pauli blocking factor already appears in amplitude!

Spinors u & v combined into M, & My
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Degenerate Oscillation in QFT

Shao-Feng Ge [gesf@sjtu.edu.cn]

Z Ugi Uz, e 7=V (1 — £;)
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Degenerate Oscillation in QFT

Mpa = Ma |3 UgiU%ie @ (1 — f;)| M,

Events detected w/o oscillation

=y)ox » LUm (1= fi)
8

Shao-Feng Ge [gesf@sjtu.edu.cn] New Opportunities 2024 @ IHEP 10/ 26



RG]

Tsung -Dao Lee Institute

Degenerate Oscillation in QFT

Mpa = Ma |3 UgiU%ie @ (1 — f;)| M,

Events detected w/o oscillation

=y)ox » LUﬁz (1= fi)
8

Events detected after oscillation

Naoss(e —y) o< | Y Usilase™ "9 (1~ f;)
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Degenerate Oscillation in QFT

Mpa = Ma |3 UgiU%ie @ (1 — f;)| M,

Events detected w/o oscillation

=y)ox » LUﬁz (1= fi)
8

Events detected after oscillation

Nawss(e —y) o< |y UsilUgie™ "9 (1 f;)

Fraction of events in 3 flavor

Pop(z —y) = Na—p(z —y)/Na(z = y)
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® Degenerate Oscillation

® Neutron-Antineutron Oscillation iIn NS

® Neutron Star Cooling & GUT

Shao-Feng Ge [gesf@sjtu.edu.cn] New Opportunities 2024 @ IHEP 11/26



GUT & Baryon Number Violation A Ay
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f
Proton Decay
Baryon Number
Strength 4 [GUT Model ] — Vi |ytl <
I6lation Neutron-Antineutron
Oscillation
\~
% Electroweak
e Gravity
T I T Getl
100 10 10
Energy
Table 1
GUT model Is N — N observable? Implications
(NON SUSY)
SU(5) No AB—L)=0
SU(2). x SU(2)z x SU(4). Yes M, ~ 10° GeV
Minimal SO(10) No
Eﬁ No
(SUSY GUT)
[SU(3)]? Yes Induced breaking of R-parity
SO(10) No

Table Caption: This table summarizes the observability of neutron-anti-neutron
oscillation in various GUT models.
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Degenerate n-nbar Oscillation

Being neutral, neutron can have Majorana mass term:
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Degenerate n-nbar Oscillation

Being neutral, neutron can have Majorana mass term:

Mixing between neutron & antineutron

niy\ n [ cosf sind _ 20m
<n2) =U (ﬁ) U= (— sin 0 Cosé’) tan 26 = Hoo — Hyq
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Degenerate n-nbar Oscillation

Being neutral, neutron can have Majorana mass term:

Mixing between neutron & antineutron
niy\ n [ cosf sind _ 20m
<n2) =U (ﬁ) U= (— sinf cos 6’) tan 20 = Hoo — Hyq

Neutron-antineutron oscillation!

Shao-Feng Ge [gesf@sjtu.edu.cn] New Opportunities 2024 @ IHEP 13/26



RG]

Tsung -Dao Lee Institute

Degenerate n-nbar Oscillation

Being neutral, neutron can have Majorana mass term:

Mixing between neutron & antineutron
niy\ n [ cosf sind _ 20m
(ng) =U (ﬁ) U= <— sinf cos 6’) tan 20 = Hoo — Hyq

Neutron-antineutron oscillation!

2?2 (1= f1)* + s (1 — fo)?
(1= f1)2+s°(1 = f2)?
21— 1)1 - f2)c?s? cos(AEt)

2(1 = f1)? +s2(1 = f2)?
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Degenerate n-nbar Oscillation

Being neutral, neutron can have Majorana mass term:

Mixing between neutron & antineutron
niy\ n [ cosf sind _ 20m
(ng) =U (ﬁ) U= <— sinf cos 6’) tan 20 = Hoo — Hyq

Neutron-antineutron oscillation!

2?2 (1= f1)* + s (1 — fo)?
(1= f1)2+s°(1 = f2)?
21— 1)1 - f2)c?s? cos(AEt)

2(1 = f1)? +s2(1 = f2)?
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Degenerate n-nbar Oscillation

c?s?(1 — f1)? + c?s%(1 — fo)?

Fon = 21— f1)?+s°(1 = f2)?

21— f)(d = f2)c?s? cos(AEt)
c2(1 = f1)? + s2(1 = f2)?
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Degenerate n-nbar Oscillation

c?s?(1 — f1)? + c?s%(1 — fo)?

Pnﬁ:

21— f1)?+s°(1 = f2)?

21— f)(d = f2)c?s? cos(AEt)

c2(1 = f1)? + s2(1 = f2)?

reduces to the usual one with  f;, — 0

AFET
P,- = 4¢*s° sin (T)

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

c?s?(1 — f1)? + c?s%(1 — fo)?

Pnﬁ:

21— f1)?+s°(1 = f2)?

2(1 = f1)(1 = fa)c?s® cos(AER)
c2(1 = f1)? + s2(1 = f2)?

reduces to the usual one with  f;, — 0

P,- = 4¢*s° sin (%)

in a dense neutron environment f1 — 1, fo — 0
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Degenerate n-nbar Oscillation

c?s?(1 — f1)? + c?s%(1 — fo)?

Pnﬁ:

21— f1)?+s°(1 = f2)?

21— f)(d = f2)c?s? cos(AEt)
c2(1 = f1)? + s2(1 = f2)?

reduces to the usual one with  f;, — 0
AFEt
P~ = 4¢?s° sin (T)

in a dense neutron environment f1 — 1, fo — 0

1-figsxk 1 P, —c*~1
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Degenerate n-nbar Oscillation

c?s?(1 — f1)? + c?s%(1 — fo)?

Pnﬁ:

21— f1)?+s°(1 = f2)?

21— f)(d = f2)c?s? cos(AEt)
c2(1 = f1)? + s2(1 = f2)?

reduces to the usual one with  f;, — 0
AFEt
P~ = 4¢?s° sin (T)

in a dense neutron environment f1 — 1, fo — 0

1-figsk 1 P, —c*~1 X
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Degenerate n-nbar Oscillation

c?s?(1 — f1)? + c?s%(1 — fo)?

Pnﬁ:

21— f1)?+s°(1 = f2)?

21— f)(d = f2)c?s? cos(AEt)
c2(1 = f1)? + s2(1 = f2)?

reduces to the usual one with  f;, — 0
AFEt
P~ = 4¢?s° sin (T)

in a dense neutron environment f1 — 1, fo — 0

1-figsk 1 P, —c*~1 X

<1l-fixkl s

S —J1 Pn/ﬁ 7 <1
(1= f1)?
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Degenerate n-nbar Oscillation

c?s?(1 — f1)? + c?s%(1 — fo)?

Pnﬁ:

21— f1)?+s°(1 = f2)?

21— f)(d = f2)c?s? cos(AEt)
c2(1 = f1)? + s2(1 = f2)?

reduces to the usual one with  f;, — 0
AFEt
P~ = 4¢?s° sin (T)

in a dense neutron environment f1 — 1, fo — 0

1-figsxk 1 P, —c*~1 X

<1l-fixkl s

S —J1 Pn/ﬁ 7 <1
(1= f1)? v
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Zero Distance Limit Rt LN
Tsung-Dao Lee Institute

2

S

(1= f1)?

The degeneracy effect already appears at zero distance!

~ ~ A2
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Zero Distance Limit AW Ay
Tsung -Dao Lee Institute

2

S

(1= f1)?

The degeneracy effect already appears at zero distance!

~ ~ A2

Standing fraction of antineutron in neutron star.
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Zero Distance Limit AW Ay
Tsung -Dao Lee Institute

2

S

(1= f1)?

The degeneracy effect already appears at zero distance!

~ 2
PnﬁN

P, =c

Standing fraction of antineutron in neutron star.

1
filp) = — =
e~ T + 1
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Zero Distance Limit AW Ay
Tsung -Dao Lee Institute

2

S

(1= f1)?

The degeneracy effect already appears at zero distance!

~ 2
PnﬁN

P, =c

Standing fraction of antineutron in neutron star.

1
fi(p) = cn (P& ~ fn

e 17 +1
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Zero Distance Limit A @Ry
Tsung -Dao Lee Institute

2

S

(1= f1)?

The degeneracy effect already appears at zero distance!

2

Pnﬁ%

P, =c

Standing fraction of antineutron in neutron star.

1
fi(p) = cn (P& ~ fn

e 17 +1
frﬁ Pn tan29

)= T P T AT

Sl
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Zero Distance Limit AW Ay
Tsung -Dao Lee Institute

82

2

2

Pnﬁ

P, =c

(1= f1)?

The degeneracy effect already appears at zero distance!

Standing fraction of antineutron in neutron star.

1
fl(p) — een(g)_‘)—/,l, n 1 ~ fn
_fa _ Pua _ tan?f _% 5?
R = =5 “i—nerE "I nmE
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Zero Distance Limit AW Ay
Tsung -Dao Lee Institute

82

2
Pnﬁ

2

P, =c

(1= f1)?

The degeneracy effect already appears at zero distance!

Standing fraction of antineutron in neutron star.

1
fl(p) — een(g)_‘)—/,l, n 1 ~ fn
_fa _ Pua _ tan?f _% 5?
R = =5 “i—nerE "I nmE

Note that only neutron is in thermal equilibrium!
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_ \ﬁ‘ L‘jﬂq T
Tsung -Dao Lee Institute

® Degenerate Oscillation

® Neutron-Antineutron Oscillation in NS

® Neutron Star Cooling & GUT

Shao-Feng Ge [gesf@sjtu.edu.cn] New Opportunities 2024 @ IHEP 16/ 26
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Tsung-Dao Lee Institute

Neutron Degeneracy in NS

fl (p) — Tealp-»n 5n(p) — \/p2 + m?

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

Tsung-Dao Lee Institute

Neutron Degeneracy in NS

fl (p) — T en®u 5n(p) — \/p2 + m?
e T +1
Degenerate
fermi gas: kp = (37T2”n)1/3
(N{E» M
1 ~]7-0
“T << &;
0 & 5

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

Tsung -Dao Lee Institute

Neutron Degeneracy in NS

1
fl (p) — T en®u 5n(p) — \/p2 + m?
e T +1
Degenerate 9 1/3 5 5
fermi gas: kr = (377np) p=1/kp+m
(N{E» M
1 ~]7-0
“T << &;
0 & 5

Fu, SFG, Guo & Wang [arXiv:2405.08591]
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Neutron Degeneracy in NS AW dAy

Tsung-Dao Lee Institute

1
fl (p) — T en®u gn(p) — \/p2 + m?
e T +1
Degenerate 2 \1/3 9 9
fermi gas: kr = (317np) p=1/kp+m
(N(e)) A
! TN T=0
Y T =2 &y
0 £ &

101 10Y 10! 102 103 104 10° 108

Time [year]

Fu, SFG, Guo & Wang [arXiv:2405.08591]
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Antineutron Distribution A BT

Tsung -Dao Lee Institute
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Antineutron Distribution A BT

Tsung-Dao Lee Institute

i = 2D 2k () <D (22|

Huge enhancement
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Antineutron Distribution A BT

Tsung -Dao Lee Institute

m2T 2m
= R () <@ ()] #
Huge enhancement

t—m

T

~ O(10%)
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Antineutron Distribution A BT

Tsung -Dao Lee Institute

o= D o, () + @, ()]

Huge enhancement

H _Tm ~ O0(10%) ‘ T~ 10©(1000)
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Antineutron Annihilation A BT

Tsung -Dao Lee Institute

During a single annihilation, nucleon number reduces by 2

dN = —2(ov)n,n;dtdV
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Tsung-Dao Lee Institute

Antineutron Annihilation

During a single annihilation, nucleon number reduces by 2

dN = —2(ov)n,n;dtdV

Replacing the antineutron number density nj; = Rn,

AN OR
@y ) — TN
dt T gl
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Tsung-Dao Lee Institute

Antineutron Annihilation

During a single annihilation, nucleon number reduces by 2

dN = —2(ov)n,n;dtdV

Replacing the antineutron number density nj; = Rn,

dN 2R

dt 1+ R

Np(cv)N = —T'N

Ny = 10°% cm ™3

(ov) = 1071 cm? /s
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Antineutron Annihilation A BT

Tsung -Dao Lee Institute

During a single annihilation, nucleon number reduces by 2

dN = —2(ov)n,n;dtdV

Replacing the antineutron number density nj; = Rn,

dN 2R
a1 pmowN=-IN
Ny = 10°% cm ™3
‘ '~ 2R x 10%3 s 1

(ov) = 1071 cm? /s
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Tsung-Dao Lee Institute

Antineutron Annihilation

During a single annihilation, nucleon number reduces by 2

dN = —2(ov)n,n;dtdV

Replacing the antineutron number density nj; = Rn,

AN OR
vy _ ) — TN
dt T gl

n, = 103 cm ™3
I~ 2R x 10%3s7!

2

1—f1( )]?

Shao-Feng Ge [gesf@sjtu.edu.cn] New Opportunities 2024 @ IHEP 19/26

NS lifetime > 10° yrs < 10737

(ov) = 1071 cm? /s ‘
. -



NS Cooling Data AT

Tsung-Dao Lee Institute

log LY [erg s71]
log T [K]

Potekhin, Zyuzin, Yakovlev, Beznogov & Shibanov
MNRAS 496, 5052-5071 (2020) [arXiv:2006.15004]
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NS Cooling LT BEY
Tsung-Dao Lee Institute

100+ 1
g _____________ =y I —
=
E S ].Oglo R[) — _102
% —— log Ry = —10°  Tp =99 x 10°K
e —— log Ry = —10* 0= 5.8 x 10%¥ em™?
10°1 — logjg Ry = —10° —— Relativistic
— logyg Ry = —106  ----- Non-Relativistic
— Ry=10 ®  Observation data
100 10! 102 103 104 10° 106 107
Time [year]
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NS Cooling

100+ 1
g 1 _____________ =y I —
@ — logy Ry = —10 "
= &10 £l0 }
—E S ].Oglo R[) — _102
s — — 103 Ty=99x10°K N
g" logm R[] 10 0 . .
é‘v I logm Ry = —104 ng = 5.8 x 10°°cm

10°1 — logjg Ry = —10° —— Relativistic

log1g Ry = —10%  ----- Non-Relativistic
— Ry=10 ®  Observation data
10° 10! 107 103 104 10° 106 107
Time [year]
3
T \2 2-—m) 2(ug—m)
Rx=|—=|] e T To 0

Ik

Shao-Feng Ge [gesf@sjtu.edu.cn]
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NS Cooling LT BEY
Tsung-Dao Lee Institute

100+ 1
g _____________ =y I —
< —— log,, Ry = —101 "
= &10 £l0 }
E S ].Oglo R[) — _102
% —— log Ry=—103 Tpo=99x10°K N\
e —— log Ry = —10* 0= 5.8 x 10%¥ em™?
10°1 — logjg Ry = —10° —— Relativistic
log1g Ry = —10%  ----- Non-Relativistic
— Ry=10 ®  Observation data
100 10! 102 103 104 10° 106 107
Time [year]
3
2

T 2(p—m) _ 2(pg—m)
Rx|—) e T o Ry <1074
Ik
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NS Cooling A Ay
Tsung -Dao Lee Institute

3

T\ 2 2=—m) 2(ug—m)

Re|=—) e 7 i Ry <1074
TH ~

log;o Ro S —O(10%) Ry = R(1p,no)
Ty = 9.9 x 10°K

no = 5.8 x 103%em =3
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NS Cooling A Ay
Tsung -Dao Lee Institute

3

T\ 2 2=—m) 2(ug—m)

Re|=—) e 7 i Ry <1074
TH ~

log;o Ro S —O(10%) Ry = R(1p,no)
Ty = 9.9 x 10°K

57 1079000 no = 5.8 x 10%¢m
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NS Cooling A Ay
Tsung -Dao Lee Institute

3

T\ 2 2=—m) 2(ug—m)

Re|=—) e 7 i Ry <1074
TH ~

logig Ro S —O(10%) Ry = R(Ty,no)
Ty = 9.9 x 10°K

57 1079000 no = 5.8 x 10%¢m

Heating power

QRN (ov)Vm  ~ 10°*W
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NS Cooling A Ay
Tsung -Dao Lee Institute

3

T\ 2 2=—m) 2(ug—m)

Re|=—) e 7 i Ry <1074
TH ~

logig Ro S —O(10%) Ry = R(Ty,no)
Ty = 9.9 x 10°K

57 1079000 no = 5.8 x 10%¢m

Heating power Cooling power

QRN (ov)Vm  ~ 10°*W ArR?cT* ~ 102' W
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Constraints on GUT gkﬁ-“f"""

H ~ (H11 5m) Sm

S~y —/———

AH
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Constraints on GUT AT
Tsung -Dao Lee Institute

om
om  Hoo S~ AH
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Constraints on GUT AT
Tsung -Dao Lee Institute

H ~ (H11 5m) Sm

S~y —/———

AH

6
5m ~ AQCD AQCD ~ 180 MeV
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Constraints on GUT AT
Tsung -Dao Lee Institute

H ~ (H11 5m) Sm

S~y —/———

AH

6
5m ~ AQCD AQCD ~ 180 MeV

AH = O(MeV) ~ O(GeV)
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Constraints on GUT A @Ry
Tsung -Dao Lee Institute

H ~ (H11 5m) Sm

S~y —/———

AH

6
5m ~ AQCD AQCD ~ 180 MeV

AH = O(MeV) ~ O(GeV)

82 5 10—@(104)
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Constraints on GUT AT
Tsung -Dao Lee Institute

H ~ (H11 5m) Sm

S~y —/———

AH

6
5m ~ AQCD AQCD ~ 180 MeV

AH = O(MeV) ~ O(GeV)

s2 < 10-010Y ) My >109090Gev
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Constraints on GUT gkﬁ-“f"""

H ~ (H11 5m) Sm

S~y —/———

AH

6
5m ~ AQCD AQCD ~ 180 MeV

AH = O(MeV) ~ O(GeV)

s2 < 10-010Y ) My >109090Gev

which is far beyond the Planck scale!
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Summary A Ay
Tsung -Dao Lee Institute

® Degenerate Oscillation

1. Consistent picture of degeneracy in external
& intermediate state

® Neutron-Antineutron Oscillation in NS
1. Concrete realization with n-nbar oscillation
2. Standing fraction of antineutron

® Neutron Star Cooling & GUT

1. Degeneracy enhancement

2. Very strong constraint
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A HdH T Thank You
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Superfluidity in NS A
Tsung-Dao Lee Institute
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