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NS: Theory vs Observations

Mass M

Radius R

Moment of inertia I~MR2

Gravitational redshift z~M/R

Period, Period derivative



MODELING NS EOS: INTERNAL STRUCTURE



MODELING NS CRUST & CORE
• nuclei in lattice + e gas
• each lattice volume represented by a Wigner-Seitz 
cell 
• Each cell assumed to be charge neutral, Coulomb 
interaction between cells neglected
• electrons uniformly distributed
• system in chemical equilibrium
• Composition largely sensitive to experimental 
determination of nuclear masses [Audi tables]

• as density increases, nuclei become n rich
• Beyond density 4x1011 g/cm3 (n drip density), n 
drip out of nuclei 
• nuclear clusters + e gas + n gas
• At T=0, ground state energy: E minimization
• Composition dominated by clusters beyond current 
experimental data

• Homogeneous liquid composed of n,p,e (exotic 
matter) in chemical equilibrium

Outer crust

Inner crust

Core



WHY WE NEED A UNIFIED EOS

Fortin et al., ArXiv: 2016 

Crust-Core Matching for non-unified EoSs

• Matching is done so that pressure is an 
increasing function of energy density
• different models leads to arbitrary results 
• uncertainty in crust thickness upto 30%  
and for radius 4%



MOTIVATION

study of the properties of NS 
crust-core transition is 
crucial for understanding 
astrophysical phenomena 
such as:
- Cooling of neutron stars
- Pulsar glitches
- X-ray Bursts and 
Superbursts in accreting 
neutron stars
- Moment of inertia
- R-modes

outer layers of neutron stars 
with subnuclear density 
n < 0.16 fm-3  
=> empirical constraints 
from terrestrial nuclear 
physics

NS crust NS core
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AIM OF THIS WORK: TO CONSTRUCT A MODEL INDEPENDENT 
(BASED ON EMPIRICAL CONSTRAINTS) “UNIFIED” EOS TO 
DESCRIBE CORE (HOMOGENEOUS NUCLEAR MATTER) + 
CRUST (ASYMMETRIC NUCLEI)  

NS crust NS core



EMPIRICAL EOS COEFFICIENTS



EXPERIMENTAL CONSTRAINTS

Fortin et al., ArXiv: 2016 

Constraints in J-L plane

• From n skin thickness 
of 208 Pb
• From HIC
• From electric dipole 
polarizability αD

• From giant dipole 
resonance (GDR) 
of 208 Pb
• From measured nuclear 
masses
• From isobaric analog 
states (IAS)



WHY WE NEED A MODEL INDEPENDENT EOS
Spurious correlations

Ducoin et al. PRC 2011

Khan Margueron PRC 2013
e.g.: Skyrme interactions

Skyrme
RMF
BHF



















PRESENT UNCERTAINTY IN EMPIRICAL PARAMETERS
Margueron, Casali, Gulminelli (in preparation)



RESULTS : HNM

Effect of uncertainty in saturation density  
on binding energy, symmetry energy and pressure
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RESULTS : HNM

Effect of uncertainty in effective mass 

 on binding energy, symmetry energy and pressure
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RESULTS : SYMMETRIC NUCLEI

Effect of uncertainty in ρsat ,λsat ,Ksat , m*/m on empirical value of Cfin 

using experimentally determined values of as 

as ≈ 18.11 ± 2 MeV
 from nuclear mass
 data
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RESULTS : SYMMETRIC NUCLEI

Effect of uncertainty in Cfin on the diffuseness parameter a 



RESULTS : SYMMETRIC NUCLEI

Effect of uncertainty in Cfin on the surface energy and its components 



summary & prospects

  
• Our aim is to develop a model independent (based on empirical 
constraints) “unified” EOS to describe core (homogeneous nuclear 
matter) + crust (asymmetric nuclei)  
• To extend the calculations to describe asymmetric nuclei in outer crust 
and then to inner crust
• To model the composition of the crust and core of a neutron star in 
beta equilibrium
• To study the influence of the empirical parameters on the properties 
related to the crust-core transition :
 -  mass 
 - radius
 - moment of inertia
 -  glitches
  using the model-independent unified EoS



THANK YOU!                 MERCI!                                



HIGHER ORDER TERMS

Influence of density dependence of symmetry energy on properties of crust-core transition 
analysed for 2 families of RMF models, differing in the isovector channel (same isoscalar 
properties)

PNM


