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URCA-Process (Iwamoto Ann.o.Phys 1[1982])
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Emissivities (perturbative)
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QCD phase diagram
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Figure F.Sandin [Blaschke et. al. Phys.Rev D 72,065020 (2005)]
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Quark mass and diquark gap
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Kinetic equation

i∂µ
x Tr[γµG<

ν (X, q2)] = −Tr[G>
ν (X, q2)Σ<

ν (X, q2) − Σ>
ν (X, q2)G<

ν (X, q2)], X = (t,x)

WW

νeν

+

+ +

+

d

u

Σ<
ν (t, q2) =

G2
F

2

Z
d4 q1

(2π4)
γµ(1 − γ5)(γαq1,α + µeγ0)γν(1 − γ5)

× Π>
µν(q1 − q2)

π

q1
fe(t,q1)δ(q0

1 + µe − |q1|),

Σ>
ν (t, q2) =

G2
F

2

Z
d4 q1

(2π4)
γµ(1 − γ5)(γαq1,α + µeγ0)γν(1 − γ5)

× Π<
µν(q1 − q2)

π

q1
[1 − fe(t,q1)]δ(q0

1 + µe − |q1|)

iG<
ν (t, q2) = −(γβq2,β + µνγ0)

π

q2
{fν(t,q2)δ(p0

2 + µν − |q2|)

− [1 − fν̄(t,−q2)]δ(q0
2 + µν + |q2|)}

iG>
ν (t, q2) = (γβq2,β + µνγ0)

π

q2
{[1 − fν(t,q2)]δ(q0

2 + µν − |q2|)

− fν̄(t,−q2)δ(q0
2 + µν + |q2|)}

Neutrino emissivities in color- superconducting quark matter – p.7/22



Kinetic equation

∂
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1 qν
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1 qµ
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Hadronic loop
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Nambu-Gorkov propagators

I : [S+
0 ]−1 A + ∆− C = 1

II : [S+
0 ]−1 B + ∆− D = 0

III : ∆+ A + [S−
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Nambu-Gorkov propagators
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Polarisation tensor

Πµν(q) = −i
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Polarisation tensor
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Neutrino emissivities
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Emissivities (Quark mass effect)
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Cooling
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Diquark and X-Gap effect
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Conclusion

• Iwamoto ⇔ Nambu-Gorkov formalism

• (non-)perturbativ regime

• Mass effekt due to chiral phase transition

• Influence to the cooling of quark stars

• Color-superconductivity (diquark-,X-gap) estimations
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Outlook

• Cooling (color-superconductivity,regime chiral symmetry breaking)

• Influence of collective fields (mass/chem.Pot. renormalization)

• High temperatures (neutrino trapping, mean free path)

• Cooling equation with transport

• Phenomenology (Pulsar Kicks,Gamma-Ray-Bursts,Supernova)
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leptonic tensors

L00(q1, q2) = 8(q0
1q0

2 + q1 · q2)

L0i(q1, q2) = 8[q0
1qi

2 + qi
1q0

2 − iεijkq1jq2k]

Li0(q1, q2) = 8[q0
1qi

2 + qi
1q0

2 + iεijkq1jq2k]

Lij(q1, q2) = 8[δij(q0
1q0

2 − q1 · q2) + qi
1qj

2 + qj
1qi

2 − iεijklq1kq2l]

T ±
00 (p̂, k̂) = 1 + p̂ · k̂ + m̂um̂d

T ±
0i (p̂, k̂) = ±(p̂i + k̂i)

T ±
i0 (p̂, k̂) = ±(p̂i + k̂i)

T ±
ij (p̂, k̂) = δij(1 − p̂ · k̂ − m̂um̂d) + p̂ik̂j + k̂ip̂j

eT ±
00 (p̂, k̂) = 1 + p̂ · k̂ − m̂um̂d

eT ±
0i (p̂, k̂) = ±(p̂i + k̂i)

eT ±
i0 (p̂, k̂) = ±(p̂i + k̂i)

eT ±
ij (p̂, k̂) = δij(1 − p̂ · k̂ + m̂um̂d) + p̂ik̂j + k̂ip̂j

W±
00(p̂, k̂) = 0

W±
0i(p̂, k̂) = −iεijkp̂j k̂k

W±
i0(p̂, k̂) = +iεijkp̂j k̂k

W±
ij (p̂, k̂) = ∓iεijk(p̂k − k̂k) + iεijklp̂

kk̂l

fW±
00(p̂, k̂) = 0

fW±
0i(p̂, k̂) = −iεijkp̂j k̂k

fW±
i0(p̂, k̂) = +iεijkp̂j k̂k

fW±
ij (p̂, k̂) = ∓iεijk(p̂k − k̂k) + iεijklp̂

kk̂l
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Projection operator

• Main- and transformation properties

Λ±
p

Λ±
p

= Λ±
p

Λ±
p

Λ∓
p

= 0

Λ+
p

+ Λ−
p

= 1

and
γ0Λ

±
p

γ0 = Λ̃∓
p

γ5Λ
±
p

γ5 = Λ̃±
p
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Polarisation tensor

Πµν(q0,q) = −
i

2

Z
d3

p

(2π)3
A+(Ep, Ek){T +

µν(p̂, k̂) + eT +
µν(p̂, k̂) − [fW+

µν(p̂, k̂) + W+
µν(p̂, k̂)]}

+ A−(Ep, Ek){T −
µν(p̂, k̂) + eT −

µν(p̂, k̂) + [fW−
µν(p̂, k̂) + W−

µν(p̂, k̂)]}

− ∆2B(Ep, Ek){T −
µν(p̂, k̂) + T +

µν(p̂, k̂) + eT −
µν(p̂, k̂) + eT +

µν(p̂, k̂)

− [fW+
µν(p̂, k̂) + W+

µν(p̂, k̂) − fW−
µν(p̂, k̂) −W−

µν(p̂, k̂)]}

A±(Ep, Ek) = −
1

2ξ−p 2ξ−k

X

s1s2=±

(ξ−p + s1E−
p )(ξ−k + s2E−

k )

q0 ± s1ξ−p ∓ s2ξ−k

nF (±s1ξ−p )nF (∓s2ξ−k )

nB(±s1ξ−p ∓ s2ξ−k )

B(Ep, Ek) = −
1

2ξ−p 2ξ−k

X

s1s2=±

1

q0 + s1ξ−p − s2ξ−k

nF (s1ξ−p )nF (−s2ξ−k )

nB(s1ξ−p − s2ξ−k )

ImΠµν(q0,q) =
π

2
cos2 θc

Z
d3

p

(2π)3

 
2 A∗(Ep, Ek)H

(n)
µν − ∆2 B∗(Ep, Ek)H

(a)
µν

!
,

A∗(Ep, Ek) = −
X

s1s2=±

 
ξ−p + s1E−

p

2ξ−p

! 
ξ−k + s2E−

k

2ξ−k

!
δ(q0 + s1ξ−p − s2ξ−k )

nF (s1ξ−p )nF (−s2ξ−k )

nB(s1ξ−p − s2ξ−k )

B∗(Ep, Ek) = −
1

2ξ−p 2ξ−k

X

s1s2=±

δ(q0 + s1ξ−p − s2ξ−k )
nF (s1ξ−p )nF (−s2ξ−k )

nB(s1ξ−p − s2ξ−k )
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