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Outline:
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4. EOS of spin-polarized neutron matter

5. Astrophysical and cosmological 
applications

6. Summary
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Introduction:
Equation of State (EOS) of dense neutron-rich matter

Dynamics of relativistic 
heavy-ion collisions 
illustration credit: RHIC-Brookhaven 
National Laboratory

Supernova explosions 
and formation of heavy 
elements 
illustration credit: NASA

Structure and properties 
of neutron stars 
illustration credit: media.arstechnica.com
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Theoretical framework:

1. Realistic Nucleon-Nucleon (NN) 
forces

2. Conventional Brueckner-Hartree-
Fock (BHF) approach

3. Dirac-Brueckner-Hartree-Fock
(DBHF) method

P. Krastev – TAMU-Commerce – November 15, 2007                                              4



Realistic NN Forces:
One-boson-exchange (OBE) model:
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R. Machleidt, “The meson theory of nuclear forces and nuclear structure”, Adv. Nucl. Phys. 19, 189-376 (1989).
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OBE amplitudes:
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OBE amplitudes:
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OBE amplitudes:
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We apply the Bonn A, B, and C OBE potentials.
R. Machleidt, “The meson theory of nuclear forces and nuclear structure”, Adv. Nucl. Phys. 19, 189-376 (1989).



Self-consistent evaluation of the 
single-particle spectrum (BHF):
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Self-consistent evaluation of the 
single-particle spectrum (DBHF):
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Self-consistent evaluation of the 
single-particle spectrum (DBHF):
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Predicts correctly  nuclear saturation 
properties!
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Neutron-rich matter (definitions):
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EOS of Neutron-Rich Matter:
2)()0,(),( αρραρ symeee +=

)( 1−fmkF

D. Alonso and F. Sammarruca, PRC 67, 054301 (2003)
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Nuclear compression modulus and 
saturation density:
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U. Idaho (2006)
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Nuclear compression modulus and 
saturation density:
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Nuclear symmetry energy and proton 
fraction in beta equilibrium:
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Nuclear symmetry energy and proton 
fraction in beta equilibrium:
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Nuclear symmetry energy, cont’d:

L.W. Chen, C.M. Ko and B.A. Li, Phys. Rev. C 72 064309 (2005)
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EOS of Spin-Polarized Neutron Matter:
Studies of magnetic properties of dense matter are of great current 
interest in conjunction with physics of pulsars which are believed to 
be rotating neutron stars possessing huge surface magnetic fields.

F. Sammarruca and P. G. Krastev, Phys. Rev.  C 75, 034315 (2007)



Brief description of the calculation:
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EOS of Spin-Polarized Neutron Matter –
Spin Asymmetry Dependence:

↓↑
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+
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Spin-Symmetry Energy:
)0,()1,()( =−±== βρβρρ eeS
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High-Density Regime:
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Magnetic Susceptibility:
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Masses and Radii of Static Neutron Stars:

Tolman-Oppenheimer-Volkoff (TOV):

P. G. Krastev and F. Sammarruca, Phys. Rev. C 74, 025808 (2006).
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Mass-Radius Relation (static NS):
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Neutron-Star Latest Observations:

We have discovered a 716-HZ eclipsing binary 
radio PULSAR in the globular cluster Terzan 5 
using the Green Bank Telescope.…If the 
PULSAR has a mass less than 2 solar masses   
then its radius is constrained by the spin rate to 
be <16 km.

J. W. T. Hessels et. al., Science 31 March 2006:
1876-1877, [astro-ph/0601337] 

(3)  PSR J1748−2446ad

D. J. Nice et. al., ApJ, 634: 1242-1249, 2005,  December 1, 
[astro-ph/0508050]

(1)  PSR J0751−1807

(2)  EXO 07482676
…..If this object is typical, then condensates 
and unconfined quarks do not exist in the 
centers of neutron stars. 

F. Özel, Nature 441, 1115-1117 ( 2006). 

(4) XTE J1739-285

…..We detected six X-ray type I bursts and 
found evidence for oscillations at 1122 ± 0.3 
Hz in the brightest X-ray burst….. If the 
oscillations are confirmed, the oscillation 
frequency would suggest that XTE J1739-285 
contains the fastest rotating neutron star yet 
found……

P. Kaaret et al, Astrophys. J. 657, L97-L100 (2007).
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Modeling of Rapidly Rotating 
Neutron Stars:

Considerably more complicated than modeling of static (non-rotating) 
stars due to:

(1)Rotational deformations, i.e. flattening at the poles and bulging 
at the equatorial region. Lead to dependence of stellar metric 
on polar angle

(2)Rotation stabilizes the star against gravitational collapse so the 
star can carry more mass. This, however, causes greater 
curvature of space-time. Leads to frequency dependence of 
metric functions

(3)General relativistic effect of dragging of local inertial frames. 
Imposes self-consistency condition on the stellar structure 
equations

The numerical computations are performed using the RNS code by 
Nikolaos Stergioulas (http://www.gravity.phys.uwm.edu/rns/)
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Static versus Rapidly Rotating Neutron Stars:

Equatorial radius
Polar radius

P. G. Krastev, A. Worley and Bao-An Li, Astrophys. Journal (submitted)
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Mass-Radius Relation - static versus 
rapidly rotating N Stars:
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Impact of rapid rotation on the upper mass limit:
Maximum-mass models (static stars)

Maximum-mass models (rapid rotation at the Kepler frequency)

P. G. Krastev, A. Worley and Bao-An Li, Astrophys. Journal (submitted)
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Rotation at various frequencies-716Hz:
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Rotation at various frequencies-1122Hz:
Constraint on the gravitational mass of the neutron star in the X-ray 
transient, XTE J1739-285
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Impact of rotation on NS thermal evolution:

A=const

A=const

Static models
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P.G.Krastev and Bao-An Li, PRC (in press); nucl-th/0702080
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Purpose / Relevance:

P. Dirac, Nature 139, 323 (1937)
Suggested that the gravitational force might be weakening with 
the expansion of the Universe

J. P. Uzan, Rev. Mod. Phys. 75: 403, 2003

CODATA is the Committee on Data for Science and Technology, http://www.codata.org/ 
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|/| GG&Upper bounds on

From the early Universe to present time

Long timescales,               , without reaching the early Universeyr 10910 −

Short, “human”, timescales of years or few decades
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Gravitochemical heating method-outline: 
A change in G induces a variation in the internal composition of a neutron 
star, causing dissipation and internal heating. The comparison of the 
predicted surface temperature with the only available observation sets 
constraints on the variation of G.
P. Jofre, A. Reisenegger, and R. Fernandez, Phys. Rev. Lett. 97, 131102 (2006)

7/8
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~
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GL eq

&
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γ
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∞ = seq TRL πσγ

To apply the Gravitochemical heating formalism one needs to know:

(1) The surface temperature of a neutron star

(2) That the star is certainly older than the time-scale necessary to reach a 
quasi-stationary state

PSR J0437- 4715 – the closest millisecond pulsar
Surface temperature: By ultraviolet observations O. Kargaltsev et al., AJ 602, 327-335 (2004)

Mass: SOLM 2.03.1 ± A. W. Hotan et al., MNRAS 369, 15021520 (2006)
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EOS and Neutron-Star Structure: 
The idea: Using an equation of state (EOS) with symmetry energy 
constrained by terrestrial laboratory nuclear data from heavy-ion reactions, 
through the Gravitochemical heating method, to constrain the possible 
time variations of G. 

Energy density

Pressure

Proton fraction

Symmetry energy

NS mass
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Photon luminosity and surface temperature: 

Modified URCA Direct URCA

112105.4|/| −−×≤ yrGG&

Modified URCA Direct URCA

111101.2|/| −−×≤ yrGG&

P. Krastev – TAMU-Commerce – November 15, 2007                                              35



112104|/| −−×≤ yrGG& 110102|/| −−×≤ yrGG&

P. Jofre, A. Reisenegger, and R. Fernandez, Phys. Rev. Lett. 97, 131102 (2006)

Modified URCA
Direct URCA

112105.4|/| −−×≤ yrGG&
111101.2|/| −−×≤ yrGG&

Direct URCAModified URCA

P.G.Krastev and Bao-An Li, PRC (in press); nucl-th/0702080
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Summary:
1) We have presented a study of effective interactions in 

dense and neutron-rich matter and their applications 
to:

gravitational physics, and

properties of static and rapidly rotating neutron stars 

2) The ultimate goal is to study dense and exotic nuclear 
systems. This can be achieved through combining 
reliable models of the density dependence of the 
effective nuclear force with more stringent empirical 
constrains. Thus, systematic coherent effort from 
theory, experiments, and observations is necessary.
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