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Outline

[1 High Density EoS Test Scheme

* NS Maximum Mass

* NS Mass-Radius relation

* NS Gravitational binding
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* Flow in HIC

Nuclear Matter EoS

Test Scheme vs. Nuclear Matter

Superconducting Quark Matter and Phase Transition
Test scheme vs. Quark-Nuclear Matter

Consequences for the Phase Diagram

b o OO OO o 0O

Conclusions

Constraints on hadronic EoS - p.3



Compact Star Masses o)
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Phys. Rev. Lett. 94, 111101 (2005)
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Mass-Radius Constraints from QPQO’s

Quasi Periodic Brightness Oscillations

POWER DENSITY ([raw rms/raw flux]?/Hz)
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M. van der Klies, ARA&A 38, 717 (2000)
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M-R Constraint from Radio Quiet Isolated NS RXJ1856

RXJ1856 black body spectrum: T, =57 eV
measurement of distance: 60 pc (2002) — 117 pc (2004)
— photospheric radius: Ro = R(1—-R/Rs)"Y?  Rg=2GM/R

Mass Radius Constraints

QPO : M-R upper limits
ISCO : max. mass constraint
RXJ1856: M-R lower limits

each region...
— represents a different object

— should be touched at least once

R [km]

J. Trimper et al., Nucl. Phys. Proc. Suppl. 132, 560 (2004)

D. Barret, J.-F. Olive, M.C. Miller, Mon. Not. Roy. Astron. Soc. 361, 855 (2005)
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Gravitational Mass < Baryon Number J0737-3039

Double Pulsar System J0737-3039

Pulsar A P4 =227ms, M) ~ 1.338M

Pulsar B P®B) =277 ms, M(B) =1.249 4+ 0.001M, (record!)
Progenitor ONeMg white dwarf, driven hydrodyn. unstable by

e~ captures on Mg & Ne; no mass-loss during collapse

Observational constraint for M (M) from PSR J0737-3039:
- observed NSs gravitational mass (remnant star) MB) =1.248 — 1.2501

- critical baryon mass of progenitor ONeMg white dwarf M](VB) = 1.366 — 1.375]

Theory: M (My) characteristic for remnants EoS
M = 4x fOR drr2e(r) ;

My = uNp = 47u foR dr \/1—T2gg\z)(r)/7’

(conversion of baryon number to mass by u = 931.5 MeV)

P. Podsiadlowski et al., Mon. Not. Roy. Astron. Soc. 361, 1243 (2005)
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Direct Urca Process:n
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NS cooling — different masses

— DU cools neutron stars too rapidly

15

D. Blaschke, H. Grigorian, and D. Voskresensky,

Astron. Astrophys. 424, 979 (2004)
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Direct Urca Process

B-decay:n —p+e +Ve,n—=p+pu +1u,
Mass Population Analysis of young nearby neutron NS:

40 7 7
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10F

0:

: If Direct Urca process

; onset for M < 1.4Mg

Then most of NS would cool
too fast for observation
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S. Popov et al., Astron. Astrophys.
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Elliptic Flow in HIC

Heavy lon Collisions:
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Nuclear Matter Equations of State (E0S)

Several approaches to describe dense nuclear matter

[1 Equations of StateatT' =0

g(nna np7 n€7n,Lb) — gh(””’ np) T Zgi(ni)7
SRy

’L. 'an 8 - 8
X dnz Z 2 h l

n,p,e,

[1 expanding binding energy per particle in terms of
isospin asymmetry 3 = 22— =1 — 2z, n = n, + n,

Np+Np

E(n,8) = Eo(n) + 8°Eg(n)

[ Thermodynamical Identities hold in SNM and NSM
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Nuclear Matter Equations of State (E0S)

e 4B (T e )+
B = (nn —np)/(nn + np)

E(n,B) = Eo(n) + 8°Es(n) = ay + {5¢°

€= (N — Ngar)/N

Model Nsat ay K K’ J L mp/m
[fm—3] [MeV] [MeV] [MeV] [MeV] [MeV]
NLp 0.1459 —16.062  203.3 576.5 30.8 83.1 0.603
NLpd 0.1459 —16.062  203.3 576.5 31.0 92.3 0.603
DBHF | 0.1779 —16.160 201.6 507.9 33.7 69.4 0.684
DD 0.1487 —16.021 240.0 —134.6 32.0 56.0 0.565
D3C 0.1510 —15.981 232.5 —716.8 31.9 59.3 0.541
KVR 0.1600 —15.800 250.0 528.8 28.8 55.8 0.800
KVOR | 0.1600 —16.000 275.0 422.8 32.9 73.6 0.800
DD-F 0.1469 —16.024  223.1 757.8 31.6 56.0 0.556
_ 0 ; 80_
g—lo y = ‘6*2 J
ui- [~ Lumzz' nsﬁ‘t ]

0,5

n[fm —3]

05
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Direct Urca Process

n — p+ e + v, Implies p,, < p, + p., Same for muons: e «
charge neutrality: n, = n. + n,, i.e. p; = p? + p; results in

[l no muons:
O relativistic limit (n. = n,): xpy = 14.8%
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Direct Urca Process

n — p+ e + v, Implies p,, < p, + p., Same for muons: e «
charge neutrality: n, = n. + n,, i.e. p; = p? + p; results in

zp > Tpy(Te) = [1+ (1+2/%)%] " Te = MNe/(Ne + Ny)
[0 no muons: rpy = 11.1%

O relativistic limit (n. = n,): xpy = 14.8%
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Mass Radius Relations

2,5
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— agreement with all mass and mass-radius constraints for DBHF, DD, D3C
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Gravitational Binding M (My) for J0737-3039 (B)
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— agreement only for 1% baryon loss during collapse (DBHF, KVOR, DD-F)
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Flow Constraint
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— constraint fulfilled for NLp,NLpd, KVR, KVOR, DD-F; DBHF at low densities
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Consequences: Universality conjecture fof3*Eq(n)
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Consequences: Sharpening the Flow Constraint

How strong is the flow constraint?

NN\
— UB :

2_ 5 \/ i |
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(applied “universal” 32 Eg (error bars!))
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Result

S1S9] Yeam passed Jo ‘ON

s1s9] Bbuoss passed Jo ‘ON
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Complementary scheme with strong (left columns) and weak (right columns) constraints

Favourite EsoS: DBHF, KVR, KVOR, DD-F; None passes all constraints !
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Quark Matter E0oS: NJL-type Model

Syl = 3, % —m)y
+ 3,0 L(@a(P)Y)Gs(Dg(p")®) + (Yiog(p)¥)Gy (ivog(p')4)
+(ivsm2A2Cg(p)y" )G p (Y Ciysadag(p')¥)],
Bosonization (Hubbard-Stratonovich trick) — Mean-field approximation
(B, wo, A s 1, T) = g + 85 + 38 — T3, [ &85 4Trin (£8(iwn, 7))
Nambu-Gorkov Propagator
) — M(p)—j AvsTo\
S=1(po, P) = 2 * (p) — 0 75A7'2 29(29} .
—A%ysmA29(p) P — M(p) + o
Dynamical quark mass matrix (NJL: g(p) = ©(A — [p|)

M (p) = diag(my + ¢9(p), ma + ¢9(p))
Renormalized chemical potential matrix

fi = diag(py — wo, pta — wo)
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Nonlocal, Chiral Quark Model (MF)

0 chiral gaps (constituent quark mass m; = m? + ¢;)

¢i = —4Gs{(qiq:)

[1 diquark gaps

a s~ Wb e

Ak'y —_— ZGD <<giai’7/5€aﬁfy€ijkq]'cﬁ>>

NQ: Aug = Ays = Ags = 0;

NQ-2SC: Ayg # 0, Ays = Ags = 0 (0<x25c<1);
2SC: Ayy £ 0, Ayy = Ay, = 0;

USC: Ay £ 0, Ays £ 0, Aye = 0:

CFL: Ay £ 0, Agy £ 0, Ays £ 0;
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Quark Matter Phase Diagram (NJL case)
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self-consistent strange quark masses !
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Phase Transition to Quark Matter
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Phase Transition to Quark Matter

25 ‘
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[1 NJL model for Quark Matter: in 2SC phase with scalar diquark (coupling
np = Gp/Gg) and isoscalar vector (coupling v = Gy /Gg) mean fields

[1 Phase transition removes simultaneously the problems with DU constraint
(left) and Flow constraint (right) for the hadronic DBHF EoS.
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Phase Transition to Quark Matter
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[1 NJL model for Quark Matter: in 2SC phase with scalar diquark (coupling
np = Gp/Gg) and isoscalar vector (coupling v = Gy /Gg) mean fields

[ More massive hybrid star configurations with increasing ny, (left) and
fullfilment of the gravitational binding constraint (right)

[ DBHF-NJL hybrid EoS fulfills all constraints
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Phase diagram, symmetric matter

120

100} i

(T. Klahn et al., in preparation)
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Summary

[1 High density EoS testing scheme

*

*

set of constraints from HIC flow and new astrophysical observations

complementary tests for Ey(n) and Eg(n)

[1 Present-day conclusions (June 1, 2006 - 'Kindertag’)

*

*

*

*

*

*

“soft” Es(n) (NS cooling, direct Urca)

(32 Es(n) shows universal behaviour

“soft” Ey(n) at intermediate densities (flow data)

“stiff” Ey(n) at high densities (maximum masses)

phase transition to quark matter can solve problems with hadronic EoS

phase diagram for CBM: very weak 1st order transition, early onset!

[1 Outlook

*

Implementation of new astrophysical data (e.g. NS moment of inertia)

* discussion of hyperons and hadronic resonances

* correlations beyond mean-field: effects on phase transition

Constraints on hadronic EoS - p.27
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