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Various analyses during 2-years after GW170817

Best estimate of current precision σR>1.0 km

GW170817, R1.4=11.9 ± 1.4 km

B.J. Cai and B.A. Li, EPJA 61,55 (2025)
B.A. Li et al., EPJA 55, 117 (2019)

Model-dependent causality: 

Currently available mass-radius observations



Nai-Bo Zhang and Bao-An Li, EPJA 59, 86 (2023)

GW170817 did NOT tell us anything new about nuclear EOS

compared to what we knew before, while they are consistent.

Despite of its historical importance in many other aspects. 



eXTP: The enhanced X-ray Timing 

and Polarimetry mission

S. N. Zhang et al., arXiv:1812.04020v1 STROBE-X Science Working Group
Paul S. Ray et al. 1903.03035

https://inspirehep.net/literature?q=collaboration:STROBE-X%20Science%20Working%20Group
https://inspirehep.net/literature?q=collaboration:STROBE-X%20Science%20Working%20Group
https://inspirehep.net/literature?q=collaboration:STROBE-X%20Science%20Working%20Group
https://inspirehep.net/authors/1053681
https://arxiv.org/abs/1903.03035
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1-year operation
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What can we really learn from high-precision measurements of neutron star radii?

stiff

soft

The proposed high-precision measurements of neutron star radii are 

SUPER-expensive in terms of money, man-power and time, and no guarantee…. 

Stiffness of neutron star matter has many components.

Which part is actually most important for determining R?

Can the precise R tell anything about hadron-quark 

phase transition or quark matter in neutron star cores?

Probably many high-value scientific returns

D. Finstad, L.V. White and D.A. Brown,

APJ 955, 45 (2023)

Basic issues regarding the EOS:

1st order Hadron-quark transition 



Bayesian inferences from mocked 3 sets of high-precision R data

R1.4=11.9 ±σ, R2.0=11.9 ±σR1.4=R1.6=R1.8=R2.0=11.9 ±σ,

with σ varying from 1.0 km to 0.1 km

9-parameters meta-model EOS with a first-order hadron-quark phase transition

satisfying all existing constraints from nuclear and astrophysics  

Wen-Jie Xie and Bao-An Li
APJ 883, 174 (2019), APJ 899, 4 (2020)
Bao-An Li et al., PRD 110, 103040 (2024);

arXiv:2505.00194

Constant speed of sound (css) model of quark matter

M. Alford, S. Han and M. Prakash, PRD 88, 083013 (2013)

Charge-neutral npeμ matter at ß-equilibrium

Crust: Negele-Vautherin (NV) EOS for the inner

and Baym-Pethick-Sutherland (BPS) for the outer crust.

Hadron-quark transition density

https://arxiv.org/abs/1907.10741
https://arxiv.org/abs/1907.10741
https://arxiv.org/abs/1907.10741
https://arxiv.org/abs/1907.10741
https://arxiv.org/abs/1907.10741
https://arxiv.org/abs/2505.00194


Bayesian posterior probability distribution functions of hadron-quark transition properties

Normal 

neutron stars
Prior range: (1-6)ρ0

The 1st peak in PDF(ρt) around (1.7-2.0)ρ0 is 

sufficient, but unnecessary, --> a fake transition

Bayesian statistics can NOT replace physics

The second peak in PDF(ρt) is sufficient, 

physical and consistent with indications of 

recent BES/RHIC experiments

Bao-An Li, Xavier Grundler, Wen-Jie Xie, Nai-Bo 
Zhang, arXiv:2505.00194

From the 1st peak of PDF(ρt)

https://arxiv.org/search/nucl-th?searchtype=author&query=Li%2C+B
https://arxiv.org/search/nucl-th?searchtype=author&query=Li%2C+B
https://arxiv.org/search/nucl-th?searchtype=author&query=Li%2C+B
https://arxiv.org/search/nucl-th?searchtype=author&query=Grundler%2C+X
https://arxiv.org/search/nucl-th?searchtype=author&query=Xie%2C+W
https://arxiv.org/search/nucl-th?searchtype=author&query=Xie%2C+W
https://arxiv.org/search/nucl-th?searchtype=author&query=Xie%2C+W
https://arxiv.org/search/nucl-th?searchtype=author&query=Zhang%2C+N
https://arxiv.org/search/nucl-th?searchtype=author&query=Zhang%2C+N
https://arxiv.org/search/nucl-th?searchtype=author&query=Zhang%2C+N
https://arxiv.org/search/nucl-th?searchtype=author&query=Zhang%2C+N
https://arxiv.org/abs/2505.00194


Nu Xu, 

indications on hadron-quark transition density in hot dense matter from BES/RHIC



Phys. Rev. C 106, 024902 (2022)
G.C. Yong, B.A. Li, Z.G. Xiao and Z.W. Lin

Mark G. Alford, Andreas Schmitt, 
Krishna Rajagopal and Thomas Schafer,

Review of Modern Physics, 80, 1455 (2008)

hot & dense
hadronic

Indication (BES/RHIC data and transport model simulation):

The 1st order hadron-quark phase transition can NOT happen below about 3.6ρ0 

in cold (T=0) neutron stars

Modify the prior range of hadron-quark transition density in Bayesian analyses 



Precision radius measurement is a sensitive probe of the hadron-quark transition density

but not the strength of the transition nor the stiffness of quark matter

Width/strength of transition Stiffness of quark matter

insensitive to σ insensitive to σ

Quark matter fraction is sensitive to σ
through the transition density ρt

and total mass conservation

: small change in R has a big impact on the average value and profile of density



High-precision radius measurements are sensitive to high-density hadronic matter EOS 

Slope of Esym curvature of Esym

Skewness of 

symmetric nuclear matter



High-precision NS radius measurements to σ=0.1 km

1. CAN probe sensitively the hadron-quark transition density and high-density    

      hadronic matter EOS, P®=0, the radius is determined mostly by hadronic EOS 

  2. Can NOT probe sensitively properties of quark matter 

  3. Statistics can NOT replace physics, inputs from nuclear theory and experiments 

      are important to avoid misleading but best combinations of EOS parameters 
      from Bayesian analyses of neutron star observational data

X Einstein

Gravitational wave

detector 

Einstein

GW detector

RAON



Backup slides

PDF of crust-core transition density













(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 properties?

(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 x    −=

=0

coreCritical for the cooling mechanism of protoneutron stars and 

associated neutrino emissions, appearance of hyperons, kaon 

condensation, baryon resonances…..

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



Effects of symmetry energy on the crust-core transition density

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

N.B. Zhang, B.A. Li and J. Xu, 

APJ 859, 90 (2018)

Parameterized

EOS for the core

NV+BPS EOS 

for the crust



(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

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

Meta-modeling of nuclear EOS

https://arxiv.org/abs/1907.10741
https://arxiv.org/abs/1907.10741
https://arxiv.org/abs/1907.10741
https://arxiv.org/abs/1907.10741
https://arxiv.org/abs/1907.10741


Posterior probability distribution function (PDF) of 6 EOS 

parameters from Bayesian analyses of GW170817 & NICER data for

the canonical PSR J0030+0451 of masses around 1.4 solar mass

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

https://arxiv.org/abs/1907.10741
https://arxiv.org/abs/1907.10741
https://arxiv.org/abs/1907.10741
https://arxiv.org/abs/1907.10741
https://arxiv.org/abs/1907.10741


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/Li%2C%20Bao-An?recid=1227916&ln=en
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


Curvature of the symmetry energy at saturation density

Progress in Constraining Nuclear Symmetry Energy Using Neutron Star Observables Since GW170817, 

B.A. Li, B.J. Cai, W.J. Xie and N.B. Zhang, Universe 2021, 7(6), 182; https://doi.org/10.3390/universe7060182

https://doi.org/10.3390/universe7060182


Examples of theoretical predictions for Esym(2ρ0): 

(1) Chiral EFT, 
C. Drischler, R. J. Furnstahl, J. A. Melendez, and D. R. Phillips, PRL125, 202702 (2020) 

(2) Quantum Monte Carlo, 
D. Lonardoni, I. Tews, S. Gandolfi, and J. Carlson, Phys. Rev. Research 2, 022033(R) (2020)

(3) Relativistic BHF in full Dirac space: 51.6 MeV
Sibo Wang, Hui Tong, Qiang Zhao, Chencan Wang, Peter Ring, Jie Meng, PRC 106 (2022) 2, L021305

(4) Relativistic BHF: ~ 53 MeV
Chencan Wang, Jinniu Hu, Ying Zhang, Hong Shen, Chin. Phys. C 46 (2022) 6, 064108

Bao-An Li, Bao-Jun Cai,

Wen-Jie Xie, Nai-Bo Zhang, 
Universe 7, 182 (2021)

https://arxiv.org/search/nucl-th?searchtype=author&query=Wang%2C+S
https://arxiv.org/search/nucl-th?searchtype=author&query=Tong%2C+H
https://arxiv.org/search/nucl-th?searchtype=author&query=Zhao%2C+Q
https://arxiv.org/search/nucl-th?searchtype=author&query=Wang%2C+C
https://arxiv.org/search/nucl-th?searchtype=author&query=Ring%2C+P
https://arxiv.org/search/nucl-th?searchtype=author&query=Meng%2C+J
https://arxiv.org/search/nucl-th?searchtype=author&query=Wang%2C+C
https://arxiv.org/search/nucl-th?searchtype=author&query=Wang%2C+C
https://arxiv.org/search/nucl-th?searchtype=author&query=Hu%2C+J
https://arxiv.org/search/nucl-th?searchtype=author&query=Hu%2C+J
https://arxiv.org/search/nucl-th?searchtype=author&query=Zhang%2C+Y
https://arxiv.org/search/nucl-th?searchtype=author&query=Shen%2C+H
https://arxiv.org/search/astro-ph?searchtype=author&query=Li%2C+B
https://arxiv.org/search/astro-ph?searchtype=author&query=Li%2C+B
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=Cai%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=Xie%2C+W
https://arxiv.org/search/astro-ph?searchtype=author&query=Xie%2C+W
https://arxiv.org/search/astro-ph?searchtype=author&query=Zhang%2C+N
https://arxiv.org/search/astro-ph?searchtype=author&query=Zhang%2C+N
https://arxiv.org/search/astro-ph?searchtype=author&query=Zhang%2C+N


NICER results :

Mass: 

Radius: 



➢ Esym around (1-2)ρ0 is most relevant for determining the radii of canonical neutron 

stars, existing 1.4MsunNS observations do NOT constrain much Esym above 2ρ0 where 

SRC effects are important.

N.B. Zhang and B.A. Li, APJ 902, 38 (2020)

Phenomenological Models

60 examples
Microscopic & ab initio Theories

11 examples

Why is the symmetry energy still so uncertain especially at high densities?



Constraining the radii of neutron stars with terrestrial experiments
Bao-An Li and Andrew W. Steiner, Phys. Lett. B 642, 436 (2006)

.

J.M. Lattimer and A.W. Steiner, EPJA50, 40 (2014)

Radii of neutron stars from X-ray observations 

using Chandra and XMM-Newton satellites

Fitting isospin diffusion data from MSU

L.W. Chen, C.M. Ko and B.A. Li, 

PRL94, 32701 (2005)

62< L< 107 
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