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High-Density Nuclear Symmetry Energy from Neutron Star Observations



Outline
(1) Why do we need to study nuclear symmetry energy Esym(𝞺𝞺)?

Why is the Esym(𝞺𝞺) so uncertain especially at high densities?

(2) What have we learned about the symmetry energy from properties of 
canonical neutron stars (~1.4M⊙)? 

(3) What can we learn about the high-dense symmetry energy from 
NICER+XMM-Newton’s observation of the mass and radius of PSR 
J0740+6620 (2.08±0. 07M⊙) (previous talk by Cole Miller)?



Empirical parabolic law of the EOS of cold, neutron-rich nucleonic matter
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Observables of structures and collisions 
of neutron stars & heavy nuclei



Fundamental Microphysics Theories
underlying each term in the EOS ,
what …, why …., where …how

Experimental and Observational Macrophysics 
underlying each observable and phenomenon,
what …, why …., where …how

Empirical parameterizations
Transport model simulations of heavy-ion collisions, energy density functionals for nuclear structures,
Bayesian inferences of EOS, properties of neutron stars, waveforms of gravitational waves, ….

Near the saturation density 𝞺𝞺0, they are Taylor expansions, appropriate for structure studies.
Just parameterizations when applied to heavy-ion collisions and the core of neutron stars

“Current” status of the restricted EOS parameter space:



Constraints on L as of 2013 based on 29 analyses of data

Bao-An Li and Xiao Han, Phys. Lett. B727 (2013) 276

L=58.7±28.1 MeV
Fiducial value as of 2016 
from surveying 53 analyses

Review of Modern Physics 89 (2017) 015007
M. Oertel, M. Hempel, T. Klähn, S. Typel

http://inspirehep.net/author/profile/Li%2C%20Bao-An?recid=1227916&ln=en
http://inspirehep.net/author/profile/Han%2C%20Xiao?recid=1227916&ln=en


 Predicted high-density nuclear symmetry energy

N.B. Zhang and B.A. Li, EPJA 55, 39 (2019)





Density and momentum dependence of Isoscalar and Isovector potentials 
Gogny Hartree-Fock predictions using 11 popular Gogny (finite-range) forces



The most fundamental but lest known physics underlying the high-density symmetry energy

Isospin-dependent correlation function

Isospin-dependent effective 2-body interaction

In a simple interacting Fermi gas model, the direct term:

M.A. Preston and R.K. Bhaduri, Structure of the Nucleus, 1975

Vnp(T0)≠Vnp(T1)

Tensor force due to pion and 𝞺𝞺 meson 
exchange MAINLY in the T=0 channel

Chang Xu and Bao-An Li, PRC81, 064612 (2010)

Effects of tensor force on Esym (𝞺𝞺)
in a deuteron cluster model
(i.e. n-p dominance) of nuclear matter

Strength parameter 
of tensor force

SRC cut-off parameter

Spin-isospin dependence of strong interaction: 



At saturation density
Paris potential

2

pure neutron matter symmetric nuclear matter2
1( ) ( ) ( )
2sym

EE E Eρ ρ ρ
δ

∂
          = ≈ −

∂

I. Bombaci and U. Lombardo PRC 44, 1892 (1991)
PRC68, 064307 (2003) 

Symmetry energy

Dominance of the isosinglet (T=0) interaction

BHF
Self-consistent 
Green’s function



The short and long range tensor force
Lecture notes of R. Machleidt 
CNS summer school, Univ. of Tokyo
Aug. 18-23, 2005

T. Otsuka et al., 
PRL 95, 232502 (2005)



Tensor force contribution to the potential part of the symmetry 
energy within a simple model

G.E. Brown and R. Machleidt, Phys. Rev. C50, 1731 (1994).

PLB 18, 54 (1965)

S.-O. Bacnman, G.E. Brown and J.A. Niskanen, Phys. Rep. 124, 1 (1985).



C. Xu, A. Li and B.A. Li, Journal of Physics: Conference Series 420, 012190 (2013)

Ang Li and Bao-An Li, arXiv:1107.0496

At saturation density, the 2nd order potential contribution 
due to the tensor force is about 7-14 MeV, it is 9 MeV with Av18

Short-range tensor forces affects the high-density symmetry energy

http://xxx.lanl.gov/abs/1107.0496


(1) The proton fraction x is determined by the Esym(ρ) through charge 
neutrality and beta-equilibrium conditions:

How does the symmetry energy affect neutron star observables?

(2) The pressure in the npe matter at beta equilibrium: 

(3) The crust-core transition density and pressure is determined by setting the
incompressibility of neutron star matter =0 (speed of sound becomes imaginary):

3 3
0 0(0.048[ / ( )] ( / )() 1 2 )symsymE Ex xρ ρ ρ ρ −=

=0

core
Critical for the cooling mechanism of 
protoneutron stars and associated 
neutrino emissions

Lattimer & Prakash, Phys. Rep., 442, 109 (2007)



F. Fattoyev, W.G. Newton and Bao-An Li
PRC 90, 022801(R) (2014)

Microscopic diagnosis of n-skins in two Skyrme-Hartree-Fock 
models with similar EOSs for SNM and Esym as the APR up to 1.5ρ0

L_Sly4 = 45.9  MeV
L_NRAPR = 59.6 MeV

Rskin_Sly4 = 0.157 fm
Rskin_NRAPR = 0.184 fm

For 208Pb



Correlations between radii of neutron stars of different masses and L(𝞺𝞺)

F. Fattoyev, W.G. Newton and Bao-An Li
PRC 90, 022801(R) (2014)



F. Fattoyev, J. Carvajal, W.G. Newton and B.A. Li, PRC87, 15806 (2013)

Imprint of high-density symmetry energy in GW signals: Tidal deformability and mergers

Given a EOS, the Love number k2 and radius R for a given mass m can be solved from the 
Tolman-Oppenheimer-Volkoff Eq. coupled with a differential Eq. for the strength of the 
perturbed time-time component of the metric

Qm1=k2 m2 R5/d3

The quadrupole moment of m1 due to m2:The tidal deformation:



(Bayes’ theorem)

Likelihood:

Posterior probability distribution

Uniform prior distribution P(M) in the ranges of

Bayesian inference of 
high-density Esym from the radii 
R1.4 of canonical neutron stars 
in 6D EOS parameter space



Posterior probability distribution function (PDF) of 6 EOS 
parameters from Bayesian analyses of GW170817 & NICER data for
the canonical PSR J0030+0451

Wen-Jie Xie and Bao-An Li
APJ 883, 174 (2019)
APJ 899, 4 (2020)

https://arxiv.org/abs/1907.10741


Progress in Constraining Nuclear Symmetry Energy Using Neutron Star 
Observables Since GW170817 by the community
Bao-An Li, Bao-Jun Cai, Wen-Jie Xie, Nai-Bo Zhang, Universe 7, 182 (2021)

https://arxiv.org/search/astro-ph?searchtype=author&query=Li%2C+B
https://arxiv.org/search/astro-ph?searchtype=author&query=Cai%2C+B
https://arxiv.org/search/astro-ph?searchtype=author&query=Xie%2C+W
https://arxiv.org/search/astro-ph?searchtype=author&query=Zhang%2C+N


Curvature of the symmetry energy at saturation density







How can massive neutron stars help? Wen-Jie Xie and Bao-An Li
APJ 899, 4 (2020)

https://arxiv.org/abs/1907.10741


Bayesian analysis using GW170817+NICER’s radius data
for both PSR J0740+6620 and J0030+0451

with

Miller et al

Riley et al.

Radius of J0740



Solving the NS inverse-structure problems by calling the TOV solver 
within 3 Do-Loops: Given an observable- Find ALL necessary EOSs

Fix the saturation parameters E0(𝞺𝞺0), Esym(𝞺𝞺0) and L 
at their most probable values currently known

at Ksym=-200 & Jsym=400
inside the Ksym and Jsym loops 

J0=-189 is found 
given Mmax=2.01Msun

Example:

TOV

J0 loop

N.B. Zhang, B.A. Li and J. Xu, APJ 859, 90 (2018)

Inversion by brute force



Inversion of n-star observables in high-density EOS parameter space

Power of simultaneous
Measurements of mass 
and radius





Impact of NICER's Radius Measurement of PSR J0740+6620 on Nuclear Symmetry 
Energy at Suprasaturation Densities, arXiv:2105.11031
Nai-Bo Zhang and Bao-An Li, APJ (2021) in press.

Upper limit on Esym from GW170817

Miller’s lower radius

Riiley’s lower radius

Lower limit on Esym from PSR J0740+6620

Proton fraction in PSR J0704+6620

https://arxiv.org/abs/2105.11031


From Earth to Heaven: multi-messengers of nuclear EOS

(1) Significant progress has been made in fixing nuclear symmetry energy below 
twice the saturation density

(2) Truly multi-messenger approach to probe the EOS of dense neutron-rich matter 
= astrophysical observations + terrestrial experiments + theories + …

X

FRIB

Einstein

Gravitational wave
detector 



A road map towards determining the nature
and EOS of neutron-rich nucleonic matter

Collaboration is the key for success!

Heavy-ion Collisions

Gravity Theories

Ground-based 
gravitational wave detectors
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