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The EoS empirical parameters
• 𝑒 ൌ 𝑒଴ ൌ 𝑒 𝜌, 𝛼 ൌ 0

→ 𝑋௡ ൌ 𝐸௦௔௧ , 𝐾௦௔௧ , 𝑄௦௔௧ , 𝑍௦௔௧, ⋯

• 𝑒 ൌ 𝑒௦௬௠ ൌ ଵ
ଶ

డమ

డఈమ 𝑒 𝜌, 𝛼 ൌ 0
→ 𝑋௡ ൌ 𝐸௦௬௠, 𝐿௦௬௠ , 𝐾௦௬௠ , 𝑄௦௬௠ , 𝑍௦௬௠ ⋯

J. Piekarewicz and M. Centelles, Phys.Rev.C 79, 054311 (2009).

𝑿𝒏 ൌ 𝟑𝝆𝟎
𝒏 𝝏𝒏𝒆

𝝏𝝆𝒏 𝝆 ൌ 𝝆𝟎, 𝜶 ൌ 𝟎

𝐾௦௔௧ , 𝐾௦௬௠ give the response to a compression 
mode from 𝜌 ൌ 𝜌଴

But if 𝜌 ് 𝜌଴, many parameters contribute!

Example: saturation density
𝜌଴ 𝛼 ൌ 𝜌଴ െ 3𝜌଴

௅ೞ೤೘

௄ೞೌ೟ 
𝛼ଶ ൅ 𝑂 𝛼ସ

 Incompressibility of asymmetric matter
𝐾଴ 𝛼 ൌ 𝐾௦௔௧ ൅ 𝐾ఛ𝛼ଶ ൅ 𝑂 𝛼ସ

= 𝐾௦௔௧ ൅ 𝐾௦௬௠ െ 6𝐿௦௬௠ െ 𝐿௦௬௠
ொೞೌ೟
௄ೞೌ೟ 

𝛼ଶ ൅ 𝑂 𝛼ସ



J.Margueron et al PRC 2018

Constraints from nuclear experiments...



M.Fortin et al PRC 2016
Constraints from nuclear experiments...



…. and nuclear theory

T.Carreau, PhD thesis 2020



Present knowledge of the empirical

parameters

T.Carreau, PhD thesis 2020
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The catalyzed NS crust
• Below saturation matter is clusterized
• At T=0: solid state: BCC lattice

• Ground state energy density: 𝜀ௐௌሺ𝑛஻ሻ ൌ ∑ ாೈೄ೔
∑ ௏ೈೄ೔

ൌ ாೈೄ
௏ೈೄ

=min

WS cell

Density point

N.Chamel&P.Haensel, living reviews in Relativity 11 (2008)10



𝜀ௐௌሺ𝑛஻ሻ=min 

1. Choose an energy functional (= set of empirical parameters Xn)
2. Choose a many-body treatment (HFB, HF, ETF, CLDM…)

Nuclear modeling & crust composition

=> The inner and outer crust
composition depends on the 
many-body treatment



𝜀ௐௌሺ𝑛஻ሻ=min 

1. Choose an energy functional (= set of empirical parameters Xn)
2. Choose a many-body treatment (HFB, HF, ETF, CLDM…)

Nuclear modeling & crust composition

=> But the uncertainty on 
astro observables due to the 
many body treatment is << 
than the error due to the 
EDF !! 

=> The inner and outer crust
composition depends on the 
many-body treatment

M.Fortin et al. PRC 94, 035804 (2016)



𝜀ௐௌሺ𝑛஻ሻ=min 

1. Choose an energy functional (= set of empirical parameters Xn)
2. Choose a many-body treatment (HFB, HF, ETF, CLDM…)

Nuclear modeling & crust composition

• Transition between crust and core: 𝜺𝑾𝑺
𝒉𝒐𝒎. 𝒏𝑩 ൌ 𝜺𝑾𝑺

𝒊𝒏𝒉𝒐𝒎. 𝒏𝑩

• All static observables can be calculated solving the TOV 
equation of hydrostatic equilibrium: 

• in particular the crustal width and moment of inertia
(connection to pulsar glitches)
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A chosen set of models

Which EoS parameters play a role?



L.Balliet et al, arXiv:2009.07696

Bayesian analysis
• Skyrme

interactions and 
CLDM modeling

• EFT constraint from
Drischler et al. 
included

But there are complications…

=>  J, L (Ksym) are seen
to rule crustal physics!



Beyond J&L: a consistent Bayesian

analysis of crust properties
1. The Skyrme functional is not flexible enough

• within Skyrme, Qsym, Zsym, Qsat, Zsat are 
uniquely set from low order parameters

=> the uncertainty on the 
high order parameters must 
be included in the analysis

S.Antic et al, Jphys G 46 (2019) 065109



Beyond J&L: a consistent Bayesian

analysis of crust properties
2. The energy of inhomogeneous matter depends on 

the surface tension (= gradient terms) in addition to 
the EoS

T.Carreau, PhD thesis 2020

S.Antic et al, Jphys G 46 (2019) 065109



Beyond J&L: a consistent Bayesian

analysis of crust properties
2. The energy of inhomogeneous matter depends on 

the surface tension (= gradient terms) in addition to 
the EoS

T.Carreau, PhD thesis 2020

 The surface tension must be
calculated consistently with the 
bulk (fit on neutron rich nuclei)

 The uncertainty at extreme I must 
be included in the Bayesian
analysis
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The correlations move towards high 
order parameters….

Results



T.Carreau, PhD thesis 2020

The correlations move towards high 
order parameters….

Results



Conclusions  
• The NS crust properties depend in a complex way on the 

nuclear energy functional

• High order parameters 𝑄௦௔௧, 𝑄௦௬௠ play an important role as well
as surface properties at high isospin ratio

• How to progress?



Strategies for a better estimation 
of crustal properties

• Theory: Implementation of low energy constraints
from ab-initio theory

• Experiment: looking for observables sensitive to the 
different unknowns: 

o global density variation in asymmetric matter (GMR in isotopic chains ?) 

o isovector density variations at low density (soft monopole?) 

o n-p density gradients (skin ?)

To be analyzed with the same meta-modeling
approach

R. Somasundaram et al, arXiv:2009.04737  
S.Burrello, M.Grasso et al, in progress

⇒  𝐾ఛ ൌ 𝐾௦௬௠ െ 6𝐿௦௬௠ െ 𝐿௦௬௠
𝑄௦௔௧
𝐾௦௔௧ 

 ⇒  𝐾௦௬௠, 𝑄௦௬௠

 ⇒  𝐿௦௬௠, 𝐷௙௜௡


