
1 Variational approach

Construction of quasi-unified EoS based on semi-empirical modelisations of nuclear binding 
energy.
Estimation of crustal EoS, composition, and crust-core transition.
Sensitivity analysis to evaluate the influence of the empirical parameters.

Numerical implementation of the complete ETF functional to have a fully unified EoS.
Account for non-spherical pasta phase.
Resolution of the TOV equation in order to estimate masses, radius and the moment of inertia 
of neutron stars crust.
Work out the connection to the prediction of glitches from vortex dynamics of the crust.
Extend the model to finite temperature.
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● We used the Newton-Raphson method in order to solve the system of coupled differential 
equations.

● We compared EoS and crust composition using the different approximations.
● The results, obtained with the average empirical value set, are similar to BBP3. At the crust-core 

transition matter becomes uniform and one cannot distinguish the cluster from the gas. This can 
be seen as a divergence of the cluster size (BBP3) or as a vanishing cluster size (our approach). 

● With the mean value of the empirical parameters, it appears that neutrons start to drip out of 
nuclei around 1.4x10-4 fm-3. The crust-core transition takes place around 0.13 fm-3.

● Because our model does not include a-priori correlations between the empirical parameters, we 
can perform a sensitivity analysis by varying each parameter independently to see the effect on 
quantities such as energy and pressure.

● As expected, isovector parameters are more influent than the isoscalar ones. 

● We also studied the effect on the 
crust-core transition density.

● It appears that the uncertainty 
on L

sym
 has the largest impact on 

the crust-core transition 
density.

● Experiments leading to a better 
L

sym
 estimation are needed to 

better constrain this quantity. 

Empirical parameters

Thanks to nuclear physics experiments, we have empirical information on the successive density 
derivatives of the energy functional at saturation density. These empirical parameters are known in 
a certain  uncertainty. Typical values are compiled from the literature1 and reported in the following 
table.

The construction of an empirical EoS allow a natural implementation of our best knowledge of the 
nuclear empirical parameters. One of the advantages of such an EoS is that no a-priori correlation 
among the empirical parameters is assumed.

Homogeneous nuclear matter (HNM)1

● Potential energy: Taylor expansion around saturation density. 
We added a correction u

k
 at low density, insuring the correct zero 

density limit. There is a one-to-one correspondence between the 
expansion coefficients and the empirical parameters.

● Kinetic energy: same functional form as a Fermi gas, with 
additional density dependent effective masses .

● Varying the input empirical parameters within their 
uncertainty, we can reproduce different existing functionals 
compatible with the empirical information, within the same 
modeling. For this reason, our approach can be qualified as a 
meta-modeling. It appears that an expansion up to order 2 in 
x is sufficient to reproduce existing functionals up to 2ρ

sat
.

Extended Thomas-Fermi functional

● The ETF approximation is a semi-classical 
approximation based on the -expansion of the ℏ
energy functional.
τ

2q
 is a gradient correction arising from the non-

locality of the momentum operator.2

● C
fin

 is a new parameter related to the finite surface character of nuclei. It is fitted on experimental 
nuclear masses.4

● F. Aymard et al. developed an analytical expression of the surface energy in the ETF approximation 
assuming Fermi density profiles.5,6

E
s
IS and E

s
IV depend only on the empirical parameters and on C

fin.

Due to numerical issues, we have not yet 
fully implemented the ETF functional but we 
developed two approximations for the 
surface energy (here called LDM* and 
LDM**). We used the HNM empirical 
functional1 for the bulk term and we fitted 
the surface coefficient(s) on experimental 
nuclear masses. The LDM** mass formula is 
very similar to the full ETF functional, and 
has similar predictive power as typical 
Bethe-Weizsäcker formulas.

(1) Stability of nuclei in vacuum

(2) Cluster-gas equilibrium

(3) β equilibrium

In order to solve the previous system, we have to model the energy of homogeneous nuclear matter 
and the energy of nuclei in vacuum. We decided to use for both the same functional, based on the 
empirically known information of the EoS.

● In the crust, the natural degrees of freedom are Wigner-Seitz (WS) 
cells arranged in a body-centered cubic lattice.

● Our approach is similar to that of BBP3 in the inner crust. We 
minimized the energy density in a WS cell at a fixed baryonic 
density with respect to the nucleon mass, the global assymetry, the 
neutron gas density, and the volume of the WS cell.

● In the outer crust, only equations (1) and (3) hold, while only the 
equation (3) is solved to determine the density dependent proton 
fraction in the core.
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Neutron stars are governed by the same nuclear Equation of State (EoS) as terrestrial nuclei. In 
particular, the pressure at the crust-core transition and the moment of inertia of the crust are known to 
crucially depend on the equation of state parameters. To settle down this dependence in a way as 
model independent as possible, two requirements have to be fulfilled:
1) the EoS has to be a unified one, that is the same physical model must be used to describe the core 
and the crust.
2) the functional used to describe the EoS must be flexible enough to explore all the realistic domain of 
the parameter space.

To this aim, we use for the core a recently proposed meta-functional based on a Taylor expansion 
around saturation density, using empirical informations given by experimental nuclear physics and 
astrophysical observations1. The inhomogeneities in the crust are treated within the Extended Thomas-
Fermi (ETF) approximation2 with the same functional. 

In this poster, we present the first results of this approach.
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