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e Mass and Flow constraint on high-density EoS

y . 2 e Local charge neutrality
109 — 2SC + DBHF hybrid stars
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Masses of binaries

Young’ binary system:

A Low Mass X-Ray Binary: 4U 1820-30
X-ray emission:
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1. Mass and flow constraint
2. Chiral Quark Model

3. 2SC + DBHF hybrid

4. d-CSL + DBHF hybrid
5. Conclusions

Masses of Neutron Stars in binaries - clustering vs. maximum
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1. Mass and flow constraint

EoS constraint from double pulsar JO737-30397 2 2 o s

Double core scenario: Baryon mass vs. gravitational mass - constraint or consistency check?
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EoS and masses - DU constraint

400

DU threshold for most hadronic EoS active in neutron stars with typical masses !
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1. Mass and flow constraint
2. Chiral Quark model

3. 2SC + DBHF hybrid

4. d-CSL + DBHF hybrid
5. Conclusions
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1. Mass and flow constraint
2. Chiral Quark model

Mass-Radius constraint and Flow constraint 5. 25+ DBHE s

4. d-CSL + DBHF hybrid
5. Conclusions
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e Large Mass (~ 2 M) and radius (R > 12 km) =- stiff EoS;

e Flow in Heavy-lon Collisions =- not too stiff EoS !

Klahn, D.B., Typel, Fuchs, Faessler, Grigorian, Miller, Ropke, Trumper, et al: PRC 74, 035802 (2006)



1. Mass and flow constraint
. 2. Chiral Quark mode_l
Quark Substructure and Phase Diagram i,
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Phase diagram of QCD: Chiral quark models

Mass and Flow constraint
. Chiral Quark model

. 2SC + DBHF hybrid

. d-CSL + DBHF hybrid
Conclusion
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Mass and Flow constraint

Quantum Field Theory for chiral Quark Matter 2 50 OO o

e Partition function for chiral Quark Field theory

B g B
ZIT,V,u] = /Dzﬂ?w exp {—/ dr /V d%[zﬂ(iw“@u —m =) — Emt]}

e Current-current coupling (4 -fermion interaction)

geos

e Bosonisation (Hubbard-Stratonowch Transformatlon)

ZIT,V, 1] = / DéyDALDA exp{ Z4GM Z’f(i s [{MM},{AD}]}

e Collective (stochastic) Fields: Mesons (¢,,) and Diquarks (Ap)
e Systematic Evaluation: Vean 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



1. Introduction
2. Hadronic Cooling

Phase diagram for 3-Flavor Quark Matter 2 Qurk S s

5. Summary

Thermodynamic Potential (7T, ) = =T In Z[T', ]

2 2 2 Au 2 AUSQ ASQ d3 1 1
Q(T,,u) _ ¢u+¢d+¢s+’ d‘ +’ ‘ +’ d’ _TZ/ p—Trln( q- 1(2'("-)717]5))—'—96_90'

8G g 4G p - (2m)32 T
o 0 N
InverseNambu — GorkovPropagator S _1(iwn, p) = TuP i\f (D) + 1y A(p) .|
Al(p) D" — M(p) — iy

Ak}’y — 2GD<Qiai75€aﬂ7€ijkg(®Q%>' A(m — 7;75€aﬁfy€ijk;Ak’yg(m-

Fermion Determinant (Tr In D = In det D)
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Result for the thermodynamic Potential (Meanfield approximation)

2 2 2 Au 2 AUSQ ASQ d3
T, 1) = ¢u+8¢éd+¢8+‘ d +’4G| * 184 —/( 3Z[A +2Tln(1+e WT)]+Q — O,
S D

Neutrality constraints: ng = ng = ns =0, n; = —02/du; = 0,
Equations of state: P = —(), etc.



1. Mass and Flow constraint

Three-flavor Quark Matter Phase Diagram el

4. d-CSL hybrid
5. Conclusion
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Ruister 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:
o NQ: Ayg = Ays = Ags = 0;
o NQ-2SC: Aq # 0, Ay = Ay = 0, 0< x5 <1,
e 2SC: Ay # 0, Ays = Ays = 0;
o USC: Ay # 0, Ays # 0, Ays = 0;
o CFL: Ayy # 0, Ags # 0, Ays # 0;
Result:
e Gapless phases only at high T,
e CFL only at high chemical potential,
o At T <25-30 MeV: mixed NQ-2SC phase,
e Critical point (7;,1.)=(48 MeV, 353 MeV),

e Strong coupling, Gp = G, similar,
no NQ-2SC mixed phase.



1. Introduction

2. Hadronic Cooling

3. Quark Substructure and Phases
4. Hybrid Star Cooling

5. Conclusions

The T-mu plane: Introduction to the map

Armenia in Europe: Three phases of quark matter: confined, deconfined, superconducting
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The T-mu plane:

Landscape

Map of Armenia:

,}/ Location of
T2 ARMENIA
N in Europe

.0
Three phases

1. Introduction

2. Hadronic Cooling

3. Quark Substructure and Phases
4. Hybrid Star Cooling

5. Conclusions

of quark matter: confined, deconfined, superconducting



The T-mu plane: walking on the map

Armenia in Europe:
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2. Hadronic Cooling
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5. Conclusions

Three phases of quark matter: confined, deconfined, superconducting
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The T-mu plane:

walking the routes (I)

Map of routes:
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1. Introduction
2. Hadronic Cooling

The T-mu plane: walking the routes (II) 2 Qs s

5. Conclusions

Route 1’;: deconfined — confined
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The T-mu plane:

walking the routes (III)

Map of routes:
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The T-mu plane:

walking the routes (IV)

Map of routes:
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Mass-Radius constraint

and Flow constraint (II)
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1. Mass and Flow constraint
2. Chiral Quark model

3. 2SC + DBHF hybrid

4. d-CSL hybrid

5. Conclusion
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e 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!

e Flow in Heavy-lon Collisions = not too stiff EoS ! N
Note: Quark matter removes violation by DBHF at high densities

Klahn, D.B., Sandin, Fuchs, Faessler, Grigorian, Ropke, Trimper: Phys. Lett. B567, 160 (2007)



1. Mass and Flow constraint
2. Chiral Quark model

Phase diagrams for the CBM experiment s 250 Do

4. d-CSL hybrid
5. Conclusion
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Phase diagrams for isospin-symmetric matter, for hybrid star maximum mass M,,.. = 2.1 M
(left-hand side) and M,,,,,. = 1.7 M, (right-hand side).

D. B., F. Sandin, S. Typel, in preparation.
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1. Mass and Flow constraint
Supernova Collapse in the Phase Diagram 2 250 o o
5. Conclusion
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1. Mass and Flow constraint
Supernova Collapse in the Phase Diagram (II) 2 58 Do
5. Conclusion
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1. Mass and Flow constraint
Supernova Collapse in the Phase Diagram 2 250 o o
5. Conclusion
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The case of SN2006gy




The case of SN2006gy - a Quarknova, ?
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grve: 70 days rise time

Discovery: Sept. 18, 2006 Energy release: 10°2 erg= 10 bethe
in NGC 1260 (Perseus) Progenitor star: ~ 150 M, ?
Distance: 72 Mpc=238 Mill. Ly Engine: Quark-star formation?

(Smith et al.: astro-ph/0612617) (Leahy & Ouyed: 0708.1787 [astro-ph])



1. Mass and Flow constraint

Single flavor (d-CSL) Phase in Compact Stars S Bat

Ansatz Color-spin-locking (CSL) gap:
A = AP 4+ A7 +42N5)

Aguilera et al., PRD 72 (2005) 034008;
PRD 74 (2006) 114005
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d-quark ’dripline’ and single-flavor (d-CSL) phase | = aeti

Sequential ’deconfinement’ of quark flavors
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pure nuclear matter d—quark drip 2—flavor quark matter

(NM) (NM + d-CSL phase) (2SC phase)

D.B., F. Sandin, T. Klahn, J. Berdermann,
arXiv:0807.0414 [nucl-th]; arXiv:0808.1369 [astro-ph]
arXiv:0808.0181 [nucl-th], J. Phys. G, in press



Global charge neutrality: quark-nuclear hybrid
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1. Mass and Flow constraint
2. Chiral Quark model

3. 2SC + DBHF hybrid

4. d-CSL hybrid

5. Conclusion
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1. Mass and Flow constraint
2. Chiral Quark model

d-CSL: single-flavor phase in competition 5 250+ B o

4. d-CSL hybrid
5. Conclusion

Dash-dotted lines: border between oppositely charged phases
—> single-flavor phase only in isospin-asymmetric matter!
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D.B., F. Sandin, T. Klahn, J. Berdermann, arXiv:0807.0414 [nucl-th]; arXiv:0808.1369 [astro-ph]



d-CSL: single-flavor phase in neutron stars 2 5CCane
Eauation of state Configuration Sequences
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D. B., F. Sandin, T. Klahn, J. Berdermann, arXiv:0807.0414 [nucl-th]; arXiv:0808.1369 [astro-ph];
arXiv:0808.0181 [nucl-th], J. Phys. G, in press (2008).



1. Mass and Flow constraint
2. Chiral Quark model

d-CSL: single-flavor phase in neutron stars (II) S S

4. d-CSL hybrid
5. Conclusion

d-quark drip at crust-core boundary: Candidate for “deep crustal heating” (DCH) process?

1- r~r~1r-rr3r£0r-r0rertrrg Haensel and Zdunik,A& A 227, 431 (1990)
. Total density ] Ushomirsky and Rutledge, MNRAS 325, 1157 (2001)
. T T y_lézlsiarphmaastéer Ia i Page and Cumming,ApJ 635, L 157 (2005): Superbursts & Strange Stars
iy . Stejner and Madsen,A& A 458, 523 (2006): SS + Transient Cooling
T~ Shternin, Yakovlev, Haensel and Potekhin, MNRAS 382, L43 (2007): KS1731
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d-CSL: single-flavor phase in neutron stars

Cooling: processes in single-flavor quark matter are blocked!

1. Mass and Flow constraint
2. Chiral Quark model
3. 2SC + DBHF hybrid

Quark Urca -
V

I

I
0 »—> U

B - 1.0 T
6.4]- — 114
i — 1.2

1.3
-—-- 14
i 1.5 1
6.2+ — 1.6
Q i - 17 ]
\'d 1.8 |

@ o

S 6.0] : _
o 0.0 = n
e i :
- d-CSL phase; ’
5.8 Quark processes are excluded 7]
| CTA1 )
" Crust: Tsurutalaw; Gaps: AV18 \ 7

5.6 l l l l | l l l l | l l l l | l l l l | l l l l | 1 1 1 I“‘ 11 1 l l

1 2 3 4 5

log(t[yr])

D. B., F. Sandin, H. Grigorian, in preparation.

not operative since u-quark Fermi sea not
populated (pr,, = 0)



Conclusions Constraints on the high-density EoS

e Compact star masses ~ 2 M, require stiff E0S

e Flow data provide upper limits on the stiffness

Local charge neutrality: 2SC-+ DBHF hybrid
e diquark coupling lowers phase transition density

e vector meanfield stiffens quark matter EoS

o

Global charge neutrality: d-CSL + DBHF hybrid
e single flavor phase (d-CSL) as consequence of dynamical ySR
e no d-CSL in symmetric matter: z, ..;; < 0.2

e N0 Urca cooling processes — no neutrino trapping?

e Next steps

star

e apply to superbursts, X-ray transients, high-mass supernovae

e extend to inhomogeneous phases: surface tension and Coulomb effects



1. Mass and Flow constraint
2. Chiral Quark model

New ways to understand Dense Matter PRV

5. Conclusion
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