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• Mass and Flow constraint on high-density EoS

• Local charge neutrality
→ 2SC + DBHF hybrid stars

• Global charge neutrality
→ d-CSL + DBHF hybrid stars
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’Young’ binary system:

’Old’ binary system

Lattimer, Prakash, PRL 94 (2005) 111101 + updates

Masses of Neutron Stars in binaries - clustering vs. maximum
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Baryon mass vs. gravitational mass - constraint or consistency?
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DU threshold for most hadronic EoS active in neutron stars with typical masses !
Klähn, et al., PRC 74, 035802 (2006); [nucl-th/0602038]
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Flow  constraint

• Large Mass (∼ 2 M�) and radius (R ≥ 12 km) ⇒ stiff EoS;

• Flow in Heavy-Ion Collisions ⇒ not too stiff EoS !

Klähn, D.B., Typel, Fuchs, Faessler, Grigorian, Miller, Roepke, Truemper, et al. PRC 74, 035802 (2006)
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Model
Field Theory

Quark

Chiral
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• Partition function for chiral Quark Field theory

Z[T, V, µ] =

∫

Dψ̄Dψ exp

{

−

∫ β

dτ

∫

V

d3x[ψ̄(iγµ∂µ −m− γ0µ)ψ − Lint]

}

• Current-current coupling (4-fermion interaction)
Lint =

∑

M=π,σ,...GM(ψ̄ΓMψ)2 +
∑

DGD(ψ̄CΓDψ)2

• Bosonisation (Hubbard-Stratonovich Transformation)

Z[T, V, µ] =

∫

DφMD∆†
DD∆D exp

{

−
∑

M

φ2

M

4GM

−
∑

D

|∆D|
2

4GD

+
1

2
Tr lnS−1[{MM}, {∆D}]

}

• Collective (stochastic) Fields: Mesons (φM) and Diquarks (∆D)

• Systematic Evaluation: Mean field + Fluctuations

– Mean-field Approximation: Order parameter for Phase transitions (Gap equations)

– Fluctuations (2. Order): Hadronic Correlations (Bound- & Scattering states)

– Fluctuations of higher Order: Hadron-Hadron Interaction

9



� � �� � � � �� � � � � �� � � � � � � � � �� � 
 � � � � �

1. Mass and Flow constraint
2. Chiral Quark model
3. 2SC + DBHF hybrid
4. d-CSL hybrid
5. Conclusion

350 400 450 500 550
µ [MeV]

0

10

20

30

40

50

60

70

80

T
 [

M
eV

]

g2SC

20
0

NQ-2SC CFL

χ2SC
=1

gCFL

guSC

2SC

NQ

M
s=

17
5 

M
eV

uSC

25
0

30
0

40
0

22
5

0.9
0.8

0.7

Rüster et al, PRD 72 (2005) 034004;
Blaschke et al, PRD 72 (2005) 065020;
Abuki, Kunihiro, NPA768 (2006) 118;
Warringa et al, PRD 72 (2005) 014015

The phases are:

• NQ: ∆ud = ∆us = ∆ds = 0;

• NQ-2SC: ∆ud 6= 0, ∆us = ∆ds = 0, 0≤ χ2SC ≤1;

• 2SC: ∆ud 6= 0, ∆us = ∆ds = 0;

• uSC: ∆ud 6= 0, ∆us 6= 0, ∆ds = 0;

• CFL: ∆ud 6= 0, ∆ds 6= 0, ∆us 6= 0;

Result:

• Gapless phases only at high T,

• CFL only at high chemical potential,

• At T ≤25-30 MeV: mixed NQ-2SC phase,

• Critical point (Tc,µc)=(48 MeV, 353 MeV),

• Strong coupling, GD = GS, similar,
no NQ-2SC mixed phase.
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• Large Mass (∼ 2 M�) and radius (R ≥ 12 km) ⇒ stiff quark matter EoS;
Note: DU problem of DBHF removed by deconfinement! and: CFL core Hybrids unstable!

• Flow in Heavy-Ion Collisions ⇒ not too stiff EoS !
Note: Quark matter removes violation by DBHF at high densities

Klähn, D.B., Sandin, Fuchs, Faessler, Grigorian, Roepke, Truemper, Phys. Lett. B567, 160 (2007)
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Phase diagrams for isospin-symmetric matter, for hybrid star maximum mass Mmax = 2.1 M�
(left-hand side) and Mmax = 1.7 M� (right-hand side).

D.B.,F. Sandin, T. Klähn, in preparation.
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Discovery: Sept. 18, 2006
in NGC 1260 (Perseus)
Distance: 72 Mpc=238 Mill. Ly
(Smith et al.: astro-ph/0612617)

Light curve: 70 days rise time
Energy release: 1052 erg= 10 bethe
Progenitor star: ≈ 150 M� ?
Engine: Quark-star formation?
(Leahy & Ouyed: 0708.1787 [astro-ph])
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→ Sequential melting of chiral condensates:
d-quark dripline!

Ansatz Color-spin-locking (CSL) gap:
∆̂ = ∆(γ3λ2 + γ1λ7 + γ2λ5)
Aguilera et al., PRD 72 (2005) 034008;
PRD 74 (2006) 114005
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D.B.,F. Sandin, T. Klähn, in preparation.
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• Compact star masses ∼ 2 M� require stiff EoS

• Flow data provide upper limits on the stiffness

Local charge neutrality: 2SC + DBHF hybrid

• diquark couling lowers phase transition density

• vector meanfield stiffens quark matter EoS

Global charge neutrality: d-CSL + DBHF hybrid

• single flavor phase (d-CSL) as consequence of dynamical χSR

• no d-CSL in symmetric matter: xp,crit < 0.2

• no Urca cooling processes → no neutrino trapping?

� � � � �� � � �

• Inhomogeneous phases: surface tension and Coulomb effects

• Study effects on high-mass supernova simulations!
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