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Quiescent Low-Mass X-ray Binaries (qLMXBs)
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System names: LMXB'’s, Soft X-ray transients, Neutron star binaries



M-R constraints from qLMXB’s and M7

MM sud

.~ —— DBHF

e Distance measured
e Spectrum measured (ROSAT, XMM, Chandra)

e Luminosity measured

— effective temperaturé.g:

F = oT4(Rs/D)?

— photospheric radius:

R =R/\/1— Rg/R, Rs=2GM

— redshift 2 =1/y/1 — Rs/R — 1~ Rs/(2R)

I l Object R, [km] | Reference
! RXJ 1856/ 16.8 | Trumper etal. (2004)
6 8 10 12 14 wCen 13.6 £ 0.3 | Gendre et al. (2003)
R [km] M13 12.8 +£ 0.4 | Gendre et al. (2004)

Lower limit from RXJ 1856 incompatible witkv Cen and M13 ?



M-R Probability Distributions
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Bayesian TOV Inversion

n < 0.5ns: EOS is BBP and NV
0.5ns < n < ni: EOS is determined by K, K’, Sy,
n1 < n < n2: EOS is polytropic with ~1; n > no: EOS is polytropic with ~2

M and R probability distributions for 7 neutron stars treated equally
(0.8 M < M <25Mp;b5km < R < 18 km)

® Assume all prior model parameters are uniformly distributed
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“Measuring” the EoS with Compact Stars: M-R — P(e)




Equation of State and Stability of Compact Stars

Tolman-Oppenheimer-Volkoff Equations

1. Stability: General Relativistic Hydrostatic Equilibrium
3 -1
dP(r) B _Gm(r)s(r) m P(r) m d7tr° P(r) - 2G'm/(r)
dr 2 e(r) m(r) r

NEWTON EINSTEIN CORRECTIONS GENERAL REL. THEORY

2. Mass Distribution:  m(R) = fOR e(r) 4 r* dr

10T
an
E Flow constraint]
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Klahn, D.B., Typel, Fuchs, Faessler, Grigorian, Miller, Rpke, Trimper, et al.: PRC 74, 035802 (2006)



" e Neutron Star.Masses and Radii

. can be measufed from *H-

atmosphere neutron stars W|th
~ few % aceuracy with IXO

' e Field sources*are most promis-

ing targets due to their bright-
' 'ness; but they must be identi-
~fied first ' -~ & o

) Path simultaneous M R mea-
surements determlne the cold
dense matter EoS !

o Launch 2021 (NASA)



Extreme States of Matter - The Phase Diagram
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Motivation and Tasks

EoS for Supernova and Merger Simulations:Wide range of parameters!
0 107% < n/ny <10
e 0 < T <200MeV
e 0<Y, <06, 8=1-2Y,

Commonly used EsoS:

e Lattimer-Swesty, NPA 535 (1991):
Skyrme-type model LD modeling of nuclei embedded in nuclgas

e Shen, Toki et al.Prog. Theor. Phys. 100 (1998):
RMF model (TM1),« particles with excluded volume procedure

Recent development:

e Horowitz-SchwenkNPA 776 (2006): virial expansion, nucleons ansd
uses experimental data for BE and scattering phase shiftst kmit for low densities: /ny < 1073

Tasks of the present work:
e medium effects on light clusters from quantum statistiggdraach
e realistic description of high-density matter (DD-RMF)

e thermodynamics, liquid-gas phase transition (instahiégion)



Theory of nuclear matter with clusters (I)

Total nucleon density:

d°k ~d
nT<T7 /lpv /ln) — éz<a’-{al>57ﬂj — 2/ (277_)13 / _wfl Z( )Sl(17w>

1

Distribution functions: f z(w) = (exp {8 [w — Zji, — (A — Z)jin]} — (=1)4)
Cluster decomposition of nucleon densities

BT, iy i) = Z Z faz[ES (KT, iy, fin)]
AVK
tot(T Mp“un — Q Z A Z>fAZ[E211/<K T; :upalun)]
Av. K

Mass fractions of clusters: X4 z = &= >, i faz[EL (K T, fiy, i)
Thermodynamical potentidl’ by integration ofu(n) [invertedn ()]
— all thdyn. functions (EoS)

F(T,n,Y;)/Q :/0 dn’ o(T,n",Y})

Typel, Ropke, Klahn, D.B., Wolter, Phys. Rev. C 81, 015803 (2010)



Theory of nuclear matter with clusters (II)

Single-nucleon quasiparticle dispersion in effective sreggoroximation:
k2

*
2m’

EME) = AEE(0) + + O(kY

From density-dependent RMF theory follows

E34(0) = 1/[m — ST, m, 26)]2 + K2 + £9,,(T, n, %6)

>.n,p — Scalar self energijg’p time component of vector self energy

AEN (k) =X (T, n,£8) — 5, 5(T,n,£8) ; mi, =m — T, ,(T,n, £6)

n7p
Quasiparticle energies for clusters from A-particle dmger equation in perturbation theory

K2
EP(K) = EY,(K) = BV + —— + ABSE(K) + AEPSK) + AESS(K) + ...

2Am
Important effect for cluster binding energy in mediuRauli shift
K? gi1+ gioT + hin
AEFEK) = AES(0) e (——> i(T,n,Y,) = =—= Z
(K) ~ (0) exp inz) 9i p) == y

Typel, Ropke, Klahn, D.B., Wolter, Phys. Rev. C 81, 015803 (2010)



Proton fraction (dissociation degree) in nuclear matter
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Typel, Ropke, Klahn, D.B., Wolter, arxiv:0908.2344; Phys. Rev. C 81, 0158(@3010)



Cluster binding energies and fractions in nuclear matter
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Liquid-gas phase transition in symmetric nuclear matter
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Nuclear matter symmetry energy with clusters

Nuclear (internal) symmetry energy:
En,1,T)+ E(n,—1,T)
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Comparison with standard SN EoS (Shen et al.)
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Extreme States of Matter - The Phase Diagram
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Quantum Field Theory for chiral Quark Matter

e Partition function for chiral Quark Field theory coupledRolyakov-loop potential

B
ZIT,V,11) = / DID exp {— / P (Din B — m — A0+ iNas)l) — L + U[<I><¢3>]}}

e Current-current coupling (4-fermion interaction) and Ki@aterminant

goos

e Bosonisation (Hubbard-Stratonovich Transformation)

¢y |Ap[?  Koudags 1

ZIT,V, ] = | - - -
T,V ] /quMDADDAD exp { Gy aa 16G?§ -+ 2T1" InS™— + U[q)(gbg)]}

e Collective (stochastic) Fields: Mesong,f) and Diquarks {\p)
e Systematic Evaluatioriviean field+ Fluctuations

— Mean-field ApproximationOrder parametefior Phase transitions (Gap equations)
— Fluctuations (2. Order)dadronic CorrelationgBound- & Scattering states)
— Fluctuations of higher Order: Hadron-Hadrmteraction



Chiral and Diquark Gaps w/wo KMT determinant
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terminant interaction af’ = 0; pion properties and
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Rister et al, PRD 72 (2005) 034004; Blaschke et al, PRD 72 (20@®5020; tastowiecki et al. (in prep.)

Diquark condensates with and without KMT determi-
nant atl’ = 0, strong diquark coupling case



Mass-Radius constraint and Flow constraint, w/o KMT det.
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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 deconfinemeatid: 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, Bpke, Trimper: Phys. Lett. B567, 160 (2007)
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Mass-Radius Constramt and Flow constraint with KMT det.
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Phase diagrams for the CBM and NICA experiments
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Phase diagram and EoS for SN collapse
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collapse; calculations in progress (right-hand side)!

F. Sandin, T. Fischer, D.B., M. Liebeader, S. Typel, in preparation— CompStar Coll.
For bag model, see: I. Sagert et al., Phys. Rev. 1€&2, (2009)— CompStar Coll.



New ways to understand Dense QCD Matter

Particle Accelerators and Detectors

Equation of State — Phase Diagram

— OLINDATION

SETTING SCIENCE AGENDAS FOR EUROPE

http://www.esf.org/compstar

CompStarOnline Supernova EoS ables— coming soon!
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