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Nuclear Equation of State
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Nuclear Equation of State
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Neutron skin thickness
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Elastic electron scattering: ρch→ ρp

The scattering of relativistic electrons by the 
Coulomb field V(r) is completely described by 
the direct scattering amplitude, f(θ), and the 
spin-flip scattering amplitude, g(θ). 

f(θ) and g(θ) determined from the solutions of 
the Dirac equation for the central potential V(r)
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Elastic electron scattering: ρch→ ρp

Experimentally one can access the nuclear charge 
form factor dividing by the differential cross section 
of a point nucleus with charge Z

The low momentum transfer 
behavior of the form factor 
determines the charge radius 

The Fourier transform of Fch(q) 
gives access to ρch(r). 
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Parity Violating electron elastic 
scattering: ρW→ρn 

(as well as nucleon 
electromagnetic and 
weak form factors)
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Parity Violating electron elastic 
scattering: Aₚᵥ at the PREx kinematics

Fch(q) and Aₚᵥ(q) if 
measured a different q 
allow to determine 
ρch(r) and ρw(r) 
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Current situation (²⁰⁸Pb)

While ρch(r) has been determined in different 
nuclei, ρW(r) has not been determined since Aₚᵥ has 
only been measured at a single q for ²⁰⁸Pb and ⁴⁸Ca
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Laser spectroscopy: hyperfine structure

→ Atomic energy levels are split 
by the interaction of atomic electrons 
with the nuclear magnetic dipole 
moment and by nuclear electric 
quadrupole moment

→ Isotope shifts give changes in 
mean square charge radii δ<rch²> 



12

Implications for nuclear structure from 
precision neutron skin measurements

→ Atomic pairty non conservation (QW and RW)

→ Neutrino coherent [F(q→0)→1] elastic scattering  (QW 
and RW)

→ Dipole polarizabilty (J, Δrₙₚ)

→ Isobaric Analog State (VISB, Δrₙₚ) 

→ Spin Dipole Resonance (Δrₙₚ, ...) 

→ Charge radii in mirror nuclei (Δrₙₚ) [?]  

→ Giant Dipole and Quadrupole resonances (Δrₙₚ, … )

→ Among other observables !! 
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Atomic parity non conservation

Transition 
allowed only by 
parity 
violation, 
otherwise 
forbidden 

Neutron 
density!!
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Coherent neutrino nucleus elastic 
scattering

Neutrinos  with E < 50 MeV 
exchange a Z₀ boson and 
the nucleus recoils as a 
“whole” 

Taken form a presentation by 
Kate Scholberg, Duke 
University
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Dipole polarizability (αD)
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Dipole polarizability (αD): SIMPLE MODEL
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Dipole polarizability (αD): EDFs
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Dipole polarizability (αD): ab initio
(a) SRG evolved EM Λ = 500
(b) SRG evolved EM Λ = 600 
(c) SRG evolved CD-BONN 
(d) Vlow−k evolved CD-BONN potentials
(e) Vlow−k -evolved AV18 
(f) refer to calculations that include 3NF: The large
one is from NNLOsat

Dependence on Rch since Δrₙₚ is 
better determined in ab initio due 
to the fitting of the ¹S₀ partial 
wave in np scattering
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Isobaric Analog State



20

Isobaric Analog State: SIMPLE MODEL
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Isobaric Analog State: EDFs

Treatment of Coulomb + QED 
corrections + nuclear Isospin 
symmetry Breaking 
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Spin-Dipole Resonance: sum rule

Excitation operator:

Non energy weighted sum rule:
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Charge radii in mirror nuclei

Isospin symmetry:

Large theoretical 
uncertainties due to pairing 
correlations in the presence of 
low-lying proton continuum
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Isovector giant resonances
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Giant Dipole Resonance
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Giant Quadrupole Resonance
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Implications for nuclear astrophysics from precision 
neutron skin measurements

→ Composition of the crust of a neutron star

→ Mass-Radius relation of a neutron star

→ Deformability of a neutron star

→ Among other neutron star properties and 
astrophysical processes …   
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Outer crust of a neutron star (sub-
saturation densities relevant)
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Mass-Radius relation and deformability 
of a Neutron Star
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Radius of a Neutron Star
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Crust-core interface
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THANK YOU!
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