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Fig. 11.1 A pictorial vision of the inside of a neutron star (drawing by the author, from [58])



Observables and current status

® Mass and radius: binary systems
= X-ray/optical binaries

= Double neutron stars

=  White dwarf/neutron stars

= About 70 systems have been observed

® Temperature: isolated neutron stars
= Cooling curve: temperature + age

=  About 20 objects have been measured



® Mass and radius

= Key ingredients: equation of state (EoS)
= Mass distribution (J. Lattimer, Ann. Rev. Nucl. Part.,, 2012)
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= PSR J1614-2230: (1.97+£0.04)M,
= PSR J0348+0432: (2.01+0.04)M,



Mass-radius (A. Steiner, J. Lattimer, E. Brown, AplJ, 2010):

Determine EoS from data set of six neutron stars. Markov chain

Monte Carlo algorithm within a Bayesian framework
ForM =14 M, R=11-12km

Maximum mass: (1.9 - 2.2)M 4

Table 9

Most Probable Values for Masses and Radii for Neutron Stars Constrained to

Lie on One Mass

fersus Radios Curve

Object M (M) R (km) M (M) R (km)
reh = R roh 3 R
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EXO 1745-248  1.55:012 10.91+08  1.34+043% 11.82:0:47
4U 1820-30 1.57+4 1% 1091403, 15743 11.82:0%

3 +0.21 4+1.00 +0.28 y yy40.18
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® [emperature
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Key ingredients: EoS (particle fraction), Elements in the envelop,

Nuclear superfluidity
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. Cas A (CA)
. PSR J1119-6127 {mHA)
. RX J0822-4247 (HA)

1E 1207.4-5209 {HA)

. RX J1357-6429 (mHA)
. RX J0002+6246 (HA)
. PSR B0833-45 {mHA)
. PSR B1706-44 {mHA)

PSR J0538+2817 (mHA)
. PSR B2334+61 (mHA)

. PSR BO656+14 (BB)

. PSR B0O633+1748 (BB)

. RX J1856.4-3754 {mHA)

14. PSR B1055-52 {BB)

15

. PSR J0243+2740 {mHA)

16.RX ]0720.4-3125 (HA)

17

. PSR J0205+6449 (BB)

18. PSR BO531+21 (BB)
19.RX J0007.0+7303 (BB)
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Cas A: Observed about
300 yrs ago

Age group

young: less than 10% yrs
middle: 104 — 10° yrs
old: more than 10> yrs

Slow-quick-slow cooling



Model

= Theories
Approximate Central Baryon Density ng/ns
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® Skyrme force
= General form
tsp(rir;) = to(1+z0Ps)d(ri — 1) + %’1(1 + a1 By) [5(1‘1- ~ )k 4 k26(r; — rj)]
+to(1 + 2o Py )k - 6(ri — )k + %tg(l + 3Py )n*s(r; — 1)
+iWok!o(r; — ;) x k- (6, +6;),

=  Mass-radius relation
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® RMF

= General form
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= Mass-radius relation
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Cooling curve

® Cooling mechanism

= Photon emission: mostly on the surface

= Neutrino emission: entire region, major energy loss
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® Standard cooling

= Direct Urca, Modified Urca, Pair bremsstrahlung

= We do not know the mass of observed stars
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Skyrme force

Logl(i = /K)

Logl(77 /1K)

Log(T=/K)

Mass in the range of
(1.0 - 2.0)0M,

Abrupt drop: ingnition
of direct Urca

SLy4: do direct Urca
Stiffer EoS allows early
direct Urca

No model can explain
middle-age data
Good: SLy4, Skl4, SGI
TOV-min: fitted to
neutron star mass, but

does not satisfy cooling
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Log(T:* /K)

® Effect of envelop element

= Mass range: (1.2 - 2.0)M,

= Heavy dependence on model
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Dependence on the light element life time
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® Effect of nuclear superfluidity
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Summary

® Mass-radius and temperature data: experimental
constraints

® Nuclear models: Skyrme force, RMF

® Could distinguish better models: Good for mass-radius
Is also good for temperature evolution

® Proper combination of envelop elements and nuclear
superfluidity: prediction within the data

® More to consider
= Strangeness
- hyperon puzzle

- kaon condensation (Y. Lim, K. Kwak, CHH, C.-H. Lee, PRC, 2014)
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= Cooling curve with strangeness: in progress

= |Improve models: systematic way to determine the EoS at high

densities
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