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Key issues:
1. What do we know about the EOS of neutron-rich matter?

2. How/where does the SRC affect the nuclear EOS?

3. What are the SRC imprints on properties of neutron stars?



Strong-field gravity: Einstein’s General Relativity (GR) or Modified Gravity

?

?

Massive neutron stars

Gravity-EOS degeneracy 

Matter [nucleons, baryon resonances, hyperons, quarks,
mesons, leptons, gluons…] or +[Dark Matter] + [X17]?
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==
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==

Total Action S=Sgravity+ Smatter + their couplings

2020 Astronomy 
& Astrophysics 
Decadal Survey  

arXiv:1903.09221v3

Hamilton’s variational principle

+ 5th force?

Even perfect data cannot fully disentangle gravity and EOS

https://arxiv.org/abs/1903.09221v3


Empirical parabolic law of the EOS of cold, neutron-rich nucleonic matter
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Stru
ctures and collisions of heavy nuclei

Stru
ctures and mergers of neutro

n stars

What is the EOS? • Relation among P, ε, T, δ, μ

• Symmetry energy is a key uncertainty
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The direct term



Empirical parameterizations useful for meta-modeling (template) of EOS

Relatively well-known Poorly known

slope curvature skewness kurtosis

incompressibility

• Expansion near saturation density
• Uncertainties grow at high density



Prior on L: Broad theoretical range L ≈ 60 ± 30 MeV with a few out-standing points

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

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

As of 2013, ~30 analyses

Even after 100 analyses, L remains broadly uncertain



Examples of recent 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, Euro Phys. Journal
Special Topic (2026)

P.J. Siemens, Nucl. Phys. A 141, 225 (1970)

Prior on Esym(2ρ0) and Ksym: Despite many studies, constraints remain broad
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N.B. Zhang and B.A. Li, APJ 902, 38 (2020)

Phenomenological Models
60 examples

Microscopic & ab initio Theories
11 examples

Why is the high-density symmetry energy still so uncertain? 

Predictions diverge at high density

Posterior 
Esym(ρ)

Ø R is obtained from P®=0 at the surface, corresponding to an average density of about 2ρ0 where Psym is 
larger than or compatible with PSNM, depending mostly on Ksym and L

Ø Isospin-spin dependent Short-Range Correlations induced by tensor forces, many-body interactions
Ø New particles and possible phase transitions are important but poorly known

Why did the available neutron star data not help much at high densities? 



At saturation density
Paris potential
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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



Effects of the tensor force in T=0 neutron-proton interaction channel

H.A. Bethe, Ann. Rev. Nucl. Part. Sci., 21, 93-244 (1971)

O. Hen et al., Science 346, 614 (2014)

(2) isospin dependence of short-range 
correlation (SRC) in neutron-rich matter

(1) High-momentum tail (HMT) in nucleon momentum distribution    
due to the S-D coupling induced by the tensor force 

M. Duer et al., PRL 122, 172502 (2019).

Evidence of np SRC 
dominance over pp (nn)

Implication: larger fraction 
of protons in the HMT 
à protons move faster than 
neutrons in n-rich matter HMT



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)

Strength of the 
tensor force



2nd order tensor force contribution to the potential part of the symmetry energy

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

T.T.S. Kuo and G.E. Brown, Phys. Lett. 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)

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



Early microscopic calculations of SRC effects on EOS and Esym(ρ)

Phys. Lett. B 39, 608 (1972)

PRC 38, 1010 (1988)

Symmetry energy

“The disappearance of proton fraction (vanishing symmetry energy) at high densities 
is due primarily to the greater short-range repulsion in isospin singlet nucleon pairs 
compared to isospin triplet pairs. At high density, this short-range repulsion must 
dominate, and pure neutron matter is favored.”



Effects of isospin-dependent SRC on the kinetic symmetry energy of quasi-nucleons
Chang Xu, Ang Li and Bao-An Li, 
JPCS 420, 012190 (2013).

if more than 15% nucleons are in the 
high-momentum tail of SNM due to the
tensor force for n-p T=0 channel, the kinetic 
symmetry energy becomes negative

Reduced Density 𝞺/𝞺0

Free-Fermi Gas (FFG): 
kinetic Esym=12.3 MeV at 𝞺0



Self-Consistent Green’s Function Approach

(I. Vidana et al.)Actual kinetic symmetry EFree Fermi Gas

Arianna Carbone, Artur Polls, Arnau Rios, EPL 97, 22001 (2012)

A. Carbone, A. Polls, C. Providência, A. Rios, I. Vidaña, EPJA 50, 13 (2014)

Isaac Vidana, Artur Polls, Constanca Providencia
PRC84, 062801(R) (2011)
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Reduced Kinetic symmetry energy of quasi-nucleons 
due to the isospin dependence of SRC

Free-Fermi Gas (FFG): 12.3 MeV

Microscopic Many-Body Theories with SRC 

Extracted from SRC data

using the n-p dominance model 



Readjusting model parameters to reproduce the same saturation properties 
of nuclear matter as well as Esym(ρ0)=31.6 MeV and L(ρ0)=58.9 MeV

Consequence: Symmetry energy gets softened at both low and high densities

AIP Conference Proceedings 2038, 020041 (2018)
Bao-Jun Cai, Bao-An Li and Lie-Wen Chen,



The average local momentum is defined via 

Protons move much faster than neutrons in neutron-skins
--consistent with the Liouville theorem

Bao-Jun Cai, Bao-An Li and Lie-Wen Chen, PRC 94, 061302 (R) (2016)  

Neutron-skin 
in coordinate space

Proton-skin 
in momentum space



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

(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):

! !
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core

crust

Critical 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)

Symmetry energy controls composition and affects pressure in neutron stars



Incorporating the SRC-induced high-momentum tail in RMF
 (via kinetic energy and scalar density) 

Bao-Jun Cai and Bao-An Li

RMF+SRC (HMT)

e.g., scalar density:

RMF (FFG)



Neutron stars with short-range correlation and admixed dark matter 
Bin Hong, ZhongZhou Ren, Chen Wu and XueLing Mu, Class. Quantum Grav. 40 125007 (2023)



Forward-modeling versus backward inference
A chosen microscopic 
or macroscopic EOS

Masses, radii, tidal deformations
of neutron stars

Non-exclusive, possible realizations consistent with experimental data

P(ϵ) and its derivative survive, 
NOT a unique underlying Lagrangian or EOS model

Tolman-Oppenheimer-Volkoff (TOV) equations

Degeneracy à Universality or consistent patterns under vastly different conditions

Unique 

Coarse-graining

P(ϵ) 



Cooling rates of protoneutron stars are sensitive to microscopic processes involving SRC
Very complicated, no self-consistent calculations including all known effects, existing cooling curves are not exclusive  

Direct URCA

Direct URCA limit without SRC

Proton fraction
Direct URCA limit with SRC

B.A. Li, B.J. Cai, L.W. Chen and J. Xu, 
Prog. Part. Nucl. Phys. 99,29 (2018) 



Neutrino emissivity with and without SRC



Spin-isospin dependence of nucleon interactions at short distance 
The most fundamental but lest known physics underlying the high-density symmetry energy 

Vnp(T0)≠Vnp(T1)
Tensor force and short-range repulsive core

Isospin dependent short range nucleon-nucleon correlation

Summary

(1) Modification of nucleon momentum distribution at zero                           
temperature w.r.t. the step function for Free Fermi Gas

(2) Protons move faster than neutrons in n-rich nuclei/matter

Reduced kinetic symmetry energy w.r.t. the Free Fermi Gas

Potential symmetry energy 

Structures and collisions of nuclei and neutron stars

(1) Only the momentum distributions of quarks in SRC nucleon 
pairs in nuclei are modified w.r.t. to free nucleons
(2) Quarks in protons of n-rich nuclei are modified more
à u quarks move faster than d quarks in n-rich nuclei

Frontiers of QCD
nucleons ? quarks

Dynamical origin of the EMC effect 

The flavor and spin dependent momentum distributions 
of quarks and gluons in nuclei and nuclear matter

EOS



The proposed high-precision measurements of neutron star radii are SUPER-expensive in Time & Efforts

Bao-An Li, Xavier Grundler, Wen-Jie Xie, Nai-Bo Zhang, PRD 110, 103040 (2024)

Skewness J0 of SNM Skewness Jsym of Esym 

Ksym L

Using mock radius data: R1.4=11.9 ±σ

What do we expect high-precision R to constrain?

R probes EOS ~2ρ₀,
Jsym characterizes Esym 
at ρ>3ρ₀

NOT constrained 
by R data, regardless 
of its precision

Constrained by
MTOV & casualty,
not much by R

Ksym becomes bimodal 
as σ ↓ duo its correlation
with L and Jsym

L shifts systematically 
to lower values as σ ↓

Strong EOS-parameter correlations 
appear at higher precisions

σ=0.2 

0.1

σ=1.0 km 

0.5
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Width/strength of transition Stiffness of quark matter

Bao-An Li, Xavier Grundler, W.J. Xie, N.B. Zhang, APJ 998, 262 (2026) 
Can the high-precision R tell us anything new about high-density EOS?

(1) Pure statistics can NOT replace physics insight; existing NS data are not sufficient to constrain all parameters 

Consistent with indications of Beam Energy Scan Experiments at RHIC

(3) Deep core physics is largely invisible to R, 
      regardless of its precision

insensitive to σ

fake

Quark matter fraction

insensitive to σ

High-precision R data prefer delayed quark deconfinement 
Do not probe the quark EOS itself

Low ρt produces strong EOS softening, large σ tolerates these softer solutions, and shifts the    
hadronic pressure to higher values (Jensen’s bias)

(2) Effects on hadron-quark transition density

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



Modified Gogny Hartree-Fock energy density functional incorporating SRC-induced 
high momentum tail in the single nucleon momentum distribution 

Kinetic Zero-range Two-body force Three-body force

Momentum-dependent potential  energy due to finite-range 2-body interaction 

SRC-induced HMT in the single-nucleon 
momentum distribution affects both the 
kinetic energy and the momentum-dependent 
part of the potential energy

C. B. Das, S. Das Gupta, C. Gale, Bao-An LiPhys.Rev.C67:034611,2003
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Confirmation by Microscopic Many-Body Theories

2. Arianna Carbone, Artur Polls, Arnau Rios, EPL 97, 22001 (2012)
    A. Carbone, A. Polls, C. Providência, A. Rios, I. Vidaña, EPJA 50, 13 (2014)
Self-Consistent Green’s Function Approach with Argonne Av18, CDBonn, Nij1, 
N3LO interactions

1. Isaac Vidana, Artur Polls, Constanca Providencia
PRC84, 062801(R) (2011)

Brueckner--Hartree--Fock approach using the Argonne V18 potential 
plus the Urbana IX three-body force

3. Alessandro Lovato, Omar Benhar  et al., 
extracted from results already published in
Phys. Rev. C83:054003,2011
Using Argonne V’6 interaction

Fermi gas

with tensor correlation
They all included the tensor force and 
many-body correlations using different techniques

4. A. Rios, A. Polls, W. H. Dickhoff
PRC 89, 044303 (2014).
Ladder Self-Consistent Green Function  

Brueckner--Hartree—Fock prediction
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