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Important Questions

» How Does the Structure of Neutron Stars Depend On the
Nucleon-Nucleon Interaction?
» The Neutron Star Maximum Mass and Causality
» The Neutron Star Radius and the Nuclear Symmetry Energy
» Does Exotic Matter (Hyperons, Kaons/Pions, Deconfined Quarks)
Exist in Neutron Star Interiors?

» How Do Nuclear Experiments Constrain the Nuclear Symmetry
Energy and Neutron Star Radii?
» Binding Energies
Heavy ion Collisions
Neutron Skin Thicknesses
Dipole Polarizabilities
Giant (and Pygmy) Dipole Resonances
> Pure Neutron Matter

» What Astrophysical Constraints Exist?
» Nuclear Mass Measurements
Photospheric Radius Expansion Bursts

Thermal Emission from Isolated and Quiescent Binary Sources
Pulse Modeling of X-ray Bursts, QPOs, etc.
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Neutron Star Structure
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Mass-Radius Diagram and Theoretical Constraints
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e Radius — Pressure Correlation
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Neutron Star Structure
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Nuclear Symmetry Energy

Defined as the difference between energies of pure neutron matter
(x = 0) and symmetric (x = 1/2) nuclear matter.

5(p) = E(p,x =0) — E(p,x =1/2)

Expanding around saturation density 80 Fuchs, H.H. Wolter, EPJA 30(2006)'5
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Nuclear Binding Energies
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Neutron Skin Thickness
Chen, Ko, Li & Xu (2010)
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Heavy lon Collisions

Tsang et al. (2009)
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Giant Dipole Resonances
Trippa, Colo & Vigezzi (2008)
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Dipole Polarizability

: _ Piekarewicz et al. (2012)
The linear response, or dynamic R o B B

polarizability, of a nuclear system -
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Theoretical Neutron Matter Calculations

Gandolfi, Carlson & Reddy
Hebeler & Schwenk (2011)
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Simultaneous Mass/Radius Measurements

» The measurement of flux and
temperature yields an apparent
angular size (pseudo-BB):

R. R 1

D D1 —2GM/Rc?
» Observational uncertainties
include distance, interstellar
absorption (UV and X-rays), A
. - \Ccretion ais
atmospheric composition R e e

Best chances for accurate radius measurement:
» Nearby isolated neutron stars with parallax (uncertain atmosphere)
» Quiescent X-ray binaries in globular clusters (reliable distances, low
B H-atmosperes)
» Bursting sources with peak fluxes close to Eddington limit (where

gravity balances radiation pressure)
oo cGM
Edd = " po
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M — R Probability Estimates
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Bayesian TOV Inversion

» ¢ < 0.5¢9: Known crustal EOS » EOS parameters K, K’,S,, v, €1,
» 0.5c0 < £ < &;: EOS ni, 2, np uniformly distributed
parametrized by K, K', S, ~ > Mpax > 1.97 Mg, causality

» Polytropic EOS: 1 < & < &3: nq; enforced

£ > €9 Ny » All stars equally weighted
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Astronomical Observations

Steiner, Lattimer & Brown (2010)
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qLMXB Analysis (Guillot et al. 2013)

Source D (kpc) N 21

NL,21 M (Mc) R (km)

M28 55+0.3 2.52
NGC 6397 2.02+£0.18 0.96
M13 6.5+0.6 0.08

w Cen 48+0.3 1.82
NGC 6304 6.22+0.6 3.46

189  1.2579%%  10.573%
1.4 0.84%530 6.6712
09‘128 +13.17

0.145  1.27%7L. 102737
1.04 178779 236778
266  1.16%%%,  9.67%%

optimized with fixed R

0.86 —2.42  9.1773

optimized assuming
crust EOS + causality*

0.78-119 104=£0.9

optimized assuming

Njj 5 + crust EOS + causality + H/He!  0.96-139 11.8+0.9

T Dickey & Lockman (1990)
fLattimer & Steiner (2013)

J. M. Lattimer

Constraints on the Mass-Radius Relation for Neutron Stars



Combined Constraints
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Consistency with Ne

ron Matter and Heavy-lon Collisions
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