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e produced in supernova explosions (type II)
e compact, massive objects: radius ~ 10 km, mass 1 — 2M

e extreme densities, several times nuclear density: n > ng = 3 - 10'* g/cm?



Masses of Pulsars (Thorsett and Chakrabarty (1999))
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A NEUTRON STAR: SURFACE and INTERIOR
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A NEUTRON STAR: SURFACE and INTERIOR

. Swiss -'Spahet.ti:‘ :
CORE: U0 OO0 o o
Homogeneous A0 aa i o ® 7 S 104 glcmg.
Matae | .- sﬂ:it:f?ﬂid
atmosphere
(atoms)
ATMOSPHERE
ENVELOPE
CRUST e N = 104 —4 . 1011 glcmS:
OUTER CORE
LR outer crust or envelope

(free e, lattice of nuclei)

o n=4-10" — 10 g/cm?:

Cone of open

W *field Inner crust
N (lattice of nuclei with free
f Neutron Superfluid . neUtronS and 6_)

MNeutron Superfluid +
Neutron Vortex  Proton Superconducto
Neutron Vortex

Magnetic Flux Tube |




Structure of a Neutron Star — the Core (sidolin weber)
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Neutron Star Matter for a Free Gas



Baryon—Baryon Interactions
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Baryon—Baryon Interactions

NX: §He hypernucleus bound by isospin forces
Y.~ atoms: potential is repulsive



nonrelativistic potential model (Balberg and Gal, 1997)
guark-meson coupling model (Pal et al., 1999)

relativistic mean—field models (Glendenning, 1985; Knorren, Prakash,
Ellis, 1995; JS and Mishustin, 1996)

relativistic Hartree—Fock (Huber, Weber, Weigel, Schaab, 1998)

Brueckner—Hartree—Fock (Baldo, Burgio, Schulze, 2000; Vidana et al.,
2000)

chiral effective Lagrangian’s (Hanauske et al., 2000)



Composition of Neutron Star Matter
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Phase Transition to Hypermatter
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Hypercompact Neutron Stars
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Third Family of Compact Stars

third family neutron stars white dwarfs

stable modes
instable modes

(Schertler, Greiner, JSB, Thoma (2000))
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hadrons / massl ess

massive quarks quarks

e

Hin M X vl

Two

nossibilities for first-order chiral phase transition:

e A weakly first-order chiral transition (or no true phase
transition),
—> one type of compact star (neutron star)

e A strongly first-order chiral transition
— two types of compact stars:
a hew stable solution with smaller masses and radii



star made of a gas of u, and  quarks

Interaction taken into account perturbatively up to
o?; a, = g*/4Am

o, runs according to the renormalization group
eguation

star temperature < typical chemical potentials

=

ms = 100 MeV < i = my/3
— three flavor massless quarks

charge neutrality and g equilibrium:
Hs = Hd = Hu = K



Equation of State in pQCD
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Mass-radius and maximum density of pure quark stars
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Heavy Quark Stars?

(Ruster and Rischke (2004))
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The two possible scenarios
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Quark star twins?

hadronic EoS =~

Radius (km)
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Constraints on the Mass—Radius Relation

(Lattimer and Prakash (2004))
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mass from binary systems (pulsar with a companion star)

radius and mass from thermal emission, for a blackbody:

L R\’
— = — gepT2 =
dnd2 ~ 7SB effaOO( d )

with Teff,oo — eff/(l = Z) and R, = R/(l + Z)

redshift:
2GM\ /2
1 =1 - —
(-5

need to know distance and effective temperature to get R

Foo

radius measured depends on true mass and radius of the star

additional constraint from redshift measurement from e.g.
redshifted spectral lines fixes mass and radius uniquely



Heavy Neutron Stars in Pulsar—White Dwarfs Systems?

(Nice, Splaver, Stairs (2003))
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Pulsar Parallax Measurement via VLBA (&risken et al. (2002))
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|solated Neutron Star RX J1856

Data
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Wavelength (A) (Drake et al. (2002))
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Parallax Measurement from Hubble

Radius (km)

(Lattimer and Walter (2002))
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Modeling the Atmosphere of Neutron Stars surwitz et al. (2003))

soft BB

kTS < 33 eV (30)

RS > 17 km (3a)
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RXJ 1856: Neutron Star or Quark Star? (timper et al. (2003))
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Neutron Stars In Globular Cluster (rutiedge et al. (2002))
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Central Compact Objects (CCOs) in Supernova Remnants

(Pavlov, Sanwal, Teter (2003))
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X-Ray burster
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Cooling of Supernova Remnants
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Future Probes Using X—Ray Bursts
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Future Probes Using Gravitational Waves
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Summary
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low density part more or less known up to ~ ny
hyperons appear at n = 2ng in neutron star matter

hypernuclear data: hyperons present in neutron stars are only A
and =s

first order phase transition to quark matter likely in cold, dense
matter

— generates a new, stable solution for compact stars! (besides
white dwarfs and neutron stars)
= mainly composed of quark matte

present data about compact stars is still puzzling and full of
surprises

but the future is bright for determining the EoS from compact
stars!
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