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Cas A, brightest radio source 

associated with SN 1680
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consider simplified structure
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Background

-- Neutron star cools by neutrino emissions
n→ p + e + ν̄, p + e→ n + ν,

n + n→ n + p + e + ν̄, . . .

-- Recent (10 yrs) rapid (4%) cooling 

Heinke and Ho, 2010
-- superfluidity ? Page et al., 2010

Cooper pairing n + n→ φ + ν̄ + ν

fast cooling
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Cooling of hot neutron star by modified Urca

3P2 Cooper pair breaking dominates near Tc

At T << Tc , neutrons are gapped 

Goldstone modes become important

Minimal cooling paradigm
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3P2 gap  

breaks rotational symmetry

SUS(2)⊗ SOL(3)× U(1) SOJ(3)× U(1)
spin-orbit

discrete

�nT · · · n�

3 rotational, 1 usual  Nambu-Goldstone modes

i�nT σ2σl

↔
∇m n� �= 0
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Order parameter

rescaled constants
∆0Exact form of not known.

We choose a simple form

∆0 = ∆




1 0 0
0 ei2π/3 0
0 0 e−i2π/3





Σ = U∆

U = ei2φ/f0

∆ = ξ∆0ξ, ξ = eiJ·π/f
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Need to fix: f0, v0, f, v, w,HV , HA

Non-diagonal due to the “w” term.

πi(p) = Kia(p)αa

angulons

Diagonalize

Bedaque, Rupak, Savage 2003

L =
f

2
0

8
�
∂0U∂0U

† − v
2
0∂iU∂iU

†�

+
f

2

8∆2

�
Tr[∂0∆∂0∆†]− v

2Tr[∂i∆∂i∆†]− w
2∂i∆†

ik∂j∆kj

�

+ iHV Z
0
0 (U∂0U

† − ∂0UU
†)

+ iHAZ
0
i Tr[J i(∆∂0∆† − ∂0∆∆†)] + · · · ,
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We match EFT to microscopic theory

LN
S =n†[i∂0 +

∇2

2M∗ + µ]n

− gnnRijkl(nT σ2σk

↔
∇l n)†(nT σ2σi

↔
∇j n) ,

and

C2
V =

GF M2
Z

2
√

2
= g2

Zνν ,

C2
A =(gA + ∆s)2C2

V

LN
W =CV Z0

0 n†n + CAZ0
i n†σin− gZνν Z0

µ νγµ(1− γ5)ν,

with
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Match fictitious currents

density of states

well known, Son 2002

∂µn→ Dµn = ∂µn + iAµn, ∂µU → DµU = ∂µU + 2iAµU

f2
0 =

MkF

π2
, v2

0 =
v2

F

3
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Fictitious gauge spin rotation n→ ei σ
2 .θn

Dµn = ∂µn + iBi
µ
σi

2
n , Dµ∆ = ∂µ∆ + iBi

µJ i∆

f2 =
MkF

3π2
, v2 =

1
5
v2

F , w2 =
1
5
v2

F

From fictitious field couplings  

HV = −f
2
0

4
CV , HA = − f

2

4∆̄2
CA
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Neutrino processes

LZ0 = −f0CV Z0
0∂0φ− fCA

�
3
2
Z0

i Kia∂0αa

+
CA

2
Z0

k�ijkKia(p)Kjb(k)αa(p)∂0αb(k) + · · ·

Angulon annihilation dominates αaαb → νν

αa

αb

ν

ν
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Eab =
�

dΓp,k;pν ,pν n[Ea(p)] n[Eb(k)] (Eν + Eν)
�

s,s�

|Mab|2

(2π)4 δ(4)(p + k − pν − pν)

∼ 1017 T 9
9

�
0.15
v

�3

erg cm−3 s−s

Emissivity

Whats realistic for v, T? At

Electron bremsstrahlung Ee ∼ 1010 erg cm−3 s−1

Angulons annihilation Eαα ∼ 1012 erg cm−3 s−1

T9 ∼ 0.3
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-- for kF = 300 MeV, Mn = 940 MeV

v =
1√
5

kF

Mn
∼ 0.15

Heat capacity 

Luminosity

L(α)
ν ∼ 4π

3
R3E ∼ 4× 1035 T 9

9

�
0.15
v

�3

erg · s−1

C(α)
V =

4π2k4
BV

15(�c)3
T 3 ∼ 1.3× 1032 R3

10T
3
9 erg · K−1

Electrons
dominate Page, Geppert, Weber 2006 

L(e)
ν ∼ 1040 T 8

9
erg
s

, C(e)
V ∼ 1040 T9 erg · K−1
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Luminosity using polytrope

-- P (r) = K [ρ(r)]1+1/n

-- ∆ ∼ 3.52
2

Tc ∼ 0.08 MeV

Page et al., 2010-- kF �
�

2Mn∆ ∼ 12 MeV

r0 = r(kF = 36 MeV)

-- polytrope n=1

Lν =4π

� r0

0
drr2Eαα

∼ 6× 4× 1035 T 9
9

erg
s
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-- polytrope n=2

Lν =4π

� r0

0
drr2Eαα

∼ 22× 4× 1035 T 9
9

erg
s

Reasonable Lν ∼ (0.1− 10)× 4× 1035 T 9
9

erg
s
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Cooling
C

dT

dt
= −Lν

-- electrons dominated

-- angulons 

dT9

dt
= −10−9 L(e)

9

C(e)
9

T 7
9 = −10−9 T 7

9 ∼ 10−14 s−1

Used T9 = 0.2, R10 = 1.2

dT9

dt
= −10−9 L(α)

9

C(α)
9

T 6
9 ≈ −10−9(0.1− 10)

3× 103

R3
10

T 6
9

∼ (10−11 − 10−9) s−1

comparison only
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modified Urca
pair breaking

angulons

Shut off neutrons when T = 0.5 Tc
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electrons

Tc ∼ 0.5 T9, tc ∼ 330 yrs
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Shut off neutrons when T = 0.8 Tc
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Summary

Theory for neutrino emissivity in 3P2 superfluid

Truly model-independent calculation lacking

No apparent angulon signature in cooling

r-mode damping Yang et al., 2011 
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r-mode heat source

C
dT

dt
= −L + H,

H ∼ Er/τdampingRossby waves
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Jaikumar, Rupak, Steiner, 2008
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Rupak, Jaikumar, 2010
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Mab =
GF C̃A

4
√

2
[HabkEb(k) + HbakEa(p)] νγk(1− γ5)ν

Habk =
�

i,j

εijkKia(p)Kjb(p)

( no sum implied),

Backup
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