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Nuclear Energy Density Functional
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 Paths toward constructing phenomenological nuclear energy 
density functionals

✓ Treat the density 𝝆 𝒓  as the fundamental variable and construct the energy 
density functional directly

✓ Start from an effective nuclear interaction or Lagrangian : 

Evaluate the expectation value                              in a Slater determinant

 Approximations/theory to describe nuclear properties

Ab initio approaches
Configuration 

interaction approach
Nuclear energy density 

functionals (EDF）

Fayans energy density functional  

Skyrme, Gogny, relativistic mean field (RMF) model

applied to almost all nuclei
(phenomenological)



Constraining Nuclear EDFs: Methods and Challenges
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Phenomenological 
coupling parameters

Nuclear observables or Ab initio predictions

 Current experimental data are too limited / not precise enough to 

constrain the isovector part of the nuclear EDFs.

 Tensions between different constraints emerge and cannot be 

simultaneously accommodated by parameter tuning alone.

 How do we constrain nuclear EDFs？

What are the current difficulties faced by nuclear EDFs?

Bayesian inference

𝜒2 minimization



Example: Parity violating asymmetry
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Adhikari et al. (PREX), PRL126, 172502 (2021)

Reinhard, Roca-Maza, Nazarewicz, PRL 129, 232501 (2022)

No simultaneous description
Tensions exist for current EDFs !

EDFs well calibrated to masses, 
radii, and surface thickness (and 
parity violating asymmetry, dipole 
polarizability)

• Sensitive to the isovector channel of the EDFs

• PREX2: Lead (208Pb) Radius Experiment

• CREX: Calcium (48Ca) Radius Experiment



Skyrme EDFs: Spin-orbit (SO) density
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• Spin-orbit density (spherical nuclei)

• Contributions from j> and j< largely cancel 
with each other

 

The isovector spin-orbit (IVSO) coupling is expected to have 
significant effects on 48Ca while essentially no influence on 208Pb!

• Spin orbit density is large in 48Ca, but 
relatively small in 208Pb

•   
•   protonsneutrons



The electric dipole polarizabilities are 
not compatible with experimental 

measurements when bIV ≈ 500 MeV·fm5 

The isovector spin-orbit coupling bIV ≈ 
500 MeV·fm5 gives perfect fit to CREX/PREX2 

data

Skyrme EDFs: CREX and PREX2
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The isovector spin-orbit coupling bIV should be larger 
than ≈ 250 MeV·fm5 to fit CREX and PREX2 data

T.G. Yue, Z. Zhang, L.W. Chen, arXiv: 2406.03844



RMF: CREX and PREX2

6M. Qiu, Z. Zhang, T.G. Yue, L.W. Chen,  arxiv: 2511.15385

Q. Zhao, et al. PRC 106, 034315 (2022)

isovector-scalar coupling

isoscalar tensor coupling

isovector tensor coupling

Charge-weak form factor differences in 
48Ca and 208Pb: Consistent with PREX-II 
and CREX (67% C.L.)

Reasonable descriptions for binding 
energies, charge radius, spin-orbit splitting, 
single-particle energy levels and neutron 
matter equation of states

https://arxiv.org/abs/2511.15385


RMF: Role of isovector spin-orbit (IVSO)
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IVSO in new series > PCF-PK1

• By performing a nonrelativistic reduction, we found 

M. Qiu, Z. Zhang, T.G. Yue, L.W. Chen,  arXiv: 2511.15385

Similar ISSO coupling strength

Strong isovector tensor 
coupling leads to strong IVSO 
coupling strengths

Confirms again the possible 
role of IVSO coupling

https://arxiv.org/abs/2511.15385


Future plan: Fayans nuclear EDFs

• Starting directly from the energy density functional, Fayans EDF is constructed by
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More flexibility in pairing

More sophisticated density dependence • Volumne and surface term

• Pairing term

Fayans EDFs show advantages in charge radii systematics

S. A. Fayans, JETP Lett., Vol. 68, No. 3, 10 August 1998

P.-G. Reinhard and W. Nazarewicz, PRC 95, 064328 (2017)



Towards Improved EDFs via Bayesian Inference

Bayesian parameter 

estimations

Question 1: Can current Fayans EDFs simultaneously 

accommodate the PREX2 and CREX data without 

compromising other ground state properties?

9

Prior π(𝑂) Likelihood 𝐿(𝑦|𝑂, 𝑀) Posterior 𝑝(𝑂|𝑦, 𝑀)



Guided by 

Bayesian model 

comparisons

Question 2:  If not, which aspects of the Fayans functional 
form should be generalized or extended? 

✓ Additional isovector spin-orbit coupling term？
✓ Additional isovector surface term?
✓ Different density dependence?

→  An increase in the number of the phenomenological parameters
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Towards Improved EDFs via Bayesian Inference

Bayesian parameter 

estimations

Question 1: Can current Fayans EDFs simultaneously 

accommodate the PREX2 and CREX data without 

compromising other ground state properties?



Conclusion and Outlook

 Current nuclear energy density functionals are unable to 
simultaneously describe the PREX2 and CREX data, indicating the 
need for further improvements.

 Existing analyses from Skyrme and relativistic mean field (RMF) 
frameworks:  a larger isovector spin-orbit (IVSO) coupling strength 
than previously assumed may play a key role in reconciling the two 
measurements.

  Future work: Bayesian-guided extensions of Fayans energy density 
functionals for improved descriptions of finite nuclei, including PREX-
II, CREX, and other ground-state properties

Thank you!



ZH series: Parameters
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Density dependent point-coupling RMF
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Q. Zhao, et al. PRC 106, 034315 (2022)

• In PCF-PK1, ατT determined from Fierz transformation

• We treat ατT as a free density-independent parameter

isovector-scalar coupling

isoscalar tensor coupling

isovector tensor coupling

• Density dependent ansatz

• Keeping the isoscalar channels unchanged, the remaining parameters are calibrated to: 

• Form factor difference of ⁴⁸Ca and ²⁰⁸Pb 

• Ground states properties of ⁴⁸Ca and ²⁰⁸Pb

• Properties of nuclear matter equation of states 



Three new relativistic EDFs : ZH-1,2,3
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• Charge density and weak density in 48Ca and 208Pb

No unphysical density fluctuations in the 
nuclear interior

M. Qiu, Z. Zhang, T.G. Yue, L.W. Chen,  in preparation



Three new relativistic EDFs : ZH-1,2,3
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• Binding energies and charge radius

Reasonable description for ground state properties 
of (semi-) doubly magic nuclei

M. Qiu, Z. Zhang, T.G. Yue, L.W. Chen,  in preparation



Three new relativistic EDFs : ZH-1,2,3
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• Pure neutron matter equation of state

Reasonable description for neutron matter equation of 
state 

M. Qiu, Z. Zhang, T.G. Yue, L.W. Chen,  in preparation



ZH series: SO splittings
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Non-relativistic reduction
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In expression of 

Spin-orbit 

Isoscalar

Isovector

Kineticgradientdensity
dependent

Density-dependent point-coupling potential energy density

Non-relativistic Skyrme energy density



Non-relativistic reduction
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• Eliminating the lower component of the Dirac spinor

• Dirac equation

• Normalization condition

• Order counting



Non-relativistic reduction
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• Non-relativistic limit of relevant current and density

• Non-relativistic limit of the potential energy density

• Non-relativistic limit of the  SO coupling strength

ISSO coupling IVSO coupling SVSO coupling



ZH series: SO partner ordering
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• Single particles energies of 48Ca

Different from meson-exchange RMF case
✓ Right ordering of SO partners
✓ Shell closures

M. Qiu, Z. Zhang, T.G. Yue, L.W. Chen,  in preparation

What results in the difference?



Central average mean field v.s. SO potential
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Spin-orbit potential

Averaged central potential

Starting from energy density in non-relativistic limit, we derive

ZH-series

Kunjipurayil et al.

Spin-orbit potential 

Only SO potential is modified
changes largely due to the 

unpaired f7/2 neutrons 

All orbitals contributes to 
the changes

A crazy β is needed

Relatively small 
enhancement is required

Main contributions from 
central potential

Main contribution from 
SO potential

A.Kunjipurayil, J. Piekarewicz, M. Salinas, Phys. Rev. C 112, 014310



24

In Skyrme-like EDFs 

IVSO effects in Uq dominate ! ! !

Central average mean field v.s. SO potential



Central average mean field v.s. SO potential
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ZH series: correlations

3

• Weak-charge form factor differences of 48Ca as a probe of IVSO coupling strength
• Neutron skin of 208Pb as a probe of L(2ρ0/3) instead of L

Weak 𝑅𝑛𝑝 − 𝐿 

correlation

Robust 𝑅𝑛𝑝 − 𝐿(2𝜌0/3) 

M. Qiu, Z. Zhang, T.G. Yue, L.W. Chen,  in preparation



ZH series: correlation
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Spin-orbit interaction and neutron skin
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• 48Ca and 208Pb have different shell and surface structures 
• Both are related to spin-orbit interaction

The Neutron skin of 
48Ca is sensitive to 
spin-orbit coupling W0!

Chen, Ko, Li, &Xu, PRC82, 024321 (2010)

Sensitivity analysis based on MSL0



Nuclear spin-orbit interaction
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Nonrelativistic energy density functionals (Skyrme): 

• Spin-orbit interaction: 

• Spin-orbit energy: 

 

Mayer and Jensen (1949)

Strong spin-orbit interaction→ magic numbers

Chabanat, et al., NPA 627, 710 (1997)

Reinhard and Flocard, NPA 584, 467488 (1995)
Bender, Heenen, and Reinhard, Rev. Mod. Phys. 75, 121 (2003).
Ebran, Mutschler, Khan, and Vretenar, PRC 94, 024304 (2016).

• Standard Skyrme EDFs: Isoscalar dominant

Relativistic energy density functionals

Duerr, Phys. Rev. 103, 469 (1956)



Efforts in relativistic EDFs
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• Meson-exchange relativistic mean field model

• Remove unphysical density oscillations. 
• In slightly worse agreement with CREX and PREX
• In tension with Chiral EFT predictions for the neutron matter EOS 

Salinas & Piekarewicz PRC109, 045807 (2024)

a) + tensor coupling.
b) + isoscalar-isovector mixing term in the scalar sector


