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EOS of Isospin Asymmetric Nuclear Matter
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The Nuclear Matter Symmetry Energy

Symmetry energy term

(largely uncertain)

Symmetric Nuclear Matter

(relatively well-determined)

Isospin asymmetry
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The multifaceted influence of the nuclear symmetry energy
A.W. Steiner, M. Prakash, J.M. Lattimer and P.J. Ellis, Phys. Rep. 411, 325 (2005).

The symmetry energy is also related to some issues of fundamental physics:
1. The precision tests of the SM through atomic parity violation observables (Sil et al., PRC2005)

2. Possible time variation of the gravitational constant (Jofre et al. PRL2006; Krastev/Li, PRC2007)

3. Non-Newtonian gravity proposed in the grand unified theories (Wen/Li/Chen, PRL2009)

4. Dark Matter (Zheng/Zhang/Chen, JCAP2014; Zheng/Sun/Chen, ApJ2015)

Symmetry Energy

Nuclear Physics 

on the Earth

Astrophysics and Cosmology 

in Heaven

p. 2

Why Symmetry Energy？



QCD Phase Diagram in 3D: density, temperature, and isospin

At extremely high baryon density, the main degree of freedom could be the deconfined

quark matter rather than confined baryon matter, and there we should consider quark 

matter symmetry energy (isospin symmetry is still satisfied). The isopsin asymmetric quark 

matter could be produced/exist in HIC/Compact Stars

V.E. Fortov, Extreme States of Matter – on Earth and in the Cosmos, Springer-Verlag Berlin Heidelberg 2011

Phase Diagram of Strong Interaction Matter

p. 3

Quark Matter 

Symmetry Energy ?
M. Di Toro et al. NPA775, 102(2006);

Pagliara/Schaffner-Bielich, PRD81, 

094024(2010); Shao et al., PRD85, 

114017(2012);Chu/Chen, ApJ780, 

135 (2014); LWC, arXiv:1708.04433

Esym: Important for understanding 

the EOS of strong interaction 

matter and QCD phase 

transitions at extreme isospin

conditions

1. Heavy Ion Collisions 

(Terrestrial Lab);

2. Compact Stars(In Heaven); …



Esym：Current Status

 Cannot be that all the constraints obtained so far on Esym (ρ0) and L are 

equivalently reliable since some of them don’t have any overlap. However, 

essentially all the constraints seem to agree with:

Esym(ρ0) = 32.5±2.5 MeV

L = 55±25 MeV

 The symmetry energy at subsaturation densities have been relatively well-

constrained

All the constraints on the high density Esym come from HIC’s (FOPI), and 

all of them are based on transport models. The constraints on the high density 

Esym are still elusive and controversial for the moment !!!

p. 4

Z. Zhang/LWC, PLB726, 234 (2013)

Xiao/Li/Chen/Yong/Zhang, PRL102, 062502 (2009)
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Fourth-Order Symmetry Energy

Symmetry energy term

(largely uncertain)

Symmetric Nuclear Matter

(relatively well-determined)
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4th-Order Symmetry energy term

(poorly known)

Esym,4  is strongly model dependent, although most models predict quite 

small values compared to Esym – Parabolic Law

Essentially no experimental or empirical information on Esym,4

No any fundamental theory/principle require Esym,4 must be small



Parabolic Law from BHF/DBHF

p. 6

The parabolic approximation seems good at lower densities but failed at 

higher densities. More careful calculations and quantitative results  are 

needed to confirm

W. Zuo, A. Lejeune, U. Lombardo, 

J.F. Mathiot, Eur. Phys. J. A 14 (2002) 469.

E.N.E. van Dalena, C. Fuchs, 

A. Faessler, Eur. Phys. J. A 31 (2007) 29.



Esym,4 in DBHF

p. 7

Esym,4 is small, at least at lower densities in DBHF

C.H. Lee, T.T.S Kuo, G.Q. Li, and G.E. Brown, PRC57, 3488 (1998)



Esym,4 in the RMF models

p. 8

Esym,4 is small in the RMF models, at least at lower densities 

B.J. Cai/LWC, PRC 85, 024302 (2012)



Esym,4 in non-relativistic mean field models

p. 9

 Esym,4  is essentially smaller than about 2 MeV

 Esym,4  is strong correlated with the nucleon isoscaclar and isovector masses

J. Pu/Z. Zhang/LWC, arXiv:1708.02132

Systematic analysis 

by using 0.1 million 

samples of 

parameter sets for 

each energy density 

functionals



Esym,4 in the QMD models

p. 10

Esym4 could be large in the QMD model, depending on interactions

R. Nandi & S. Schramm, PRC94, 025806 (2016)



Kinetic part of Esym,4 with Short Range 

Correlation

Effects beyond mean field approximation could be important for Esym,4

B.J. Cai & B.A. Li

PRC92, 011601(R) (2015)

p. 11



Esym,4 and proton fraction in NStar

The higher-order terms of the symmetry energy have obvious effects on the 

proton fraction and the parabolic law of the symmetry energy is not enough 

to determine the proton fraction

F.S Zhang/LWC, Chin. Phys. Lett. 18, 142 (2001)

Parabolic law Full calcualtion

p. 12



Esym,4 and core-crust edge in NStar

The core-crust transition density and pressure of Nstar are sensitive to the 

high-order terms of the symmetry energy

J Xu/LWC/B.A. Li/H.R. Ma, PRC 79, 035802 (2009); ApJ697, 1549 (2009)

Core-Crust edge 

(important for Glitch of NStar)

p. 13
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Isospin-Quartic Energy of Finite Nuclei

Liquid-Drop Model (Bethe-Weizsäcker mass formula)

The isospin-quartic term is very small for known finite nuclei due to the very 

small value of I4. Therefore, it is very hard to determine asym,4 from nuclear 

mass – need special treatments !

p. 14



Isospin-Quartic Energy of Finite Nuclei

“Experimental” symmetry energy of finite nuclei

H. Jiang/M. Bao/LWC/Y.M. Zhao/A. Arima, PRC 90, 064303 (2014)

p. 15



Isospin-Quartic Energy of Finite Nuclei

p. 16

Csym,4 from the double difference of 

“experimental” symmetry energy of finite nuclei

The above results are precise and robust (the effects of odd-even staggering, 

av, as, aCoul, apair are very small)

Analyzing the binding energy of 2348 measured nuclei with 20<A<270 

[AME2012] 

H. Jiang/M. Bao/LWC/Y.M. Zhao/A. Arima, PRC 90, 064303 (2014)



Isospin-Quartic Energy of Finite Nuclei

p. 17

A precise value of asym,4 is obtained by analyzing the I dependence of the 

binding energy of isobaric nuclei considering the Effects from Wigner energy. 

J.L Tian/H.T. Cui/T. Gao/N. Wang, Chin. Phys. C 40, 094101 (2016)
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asym,4(A)

p. 18
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asym,4(A)
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asym depends on the Coulomb and Surface coefficients ac and Es0 !!!

asym,4(A)



asym(A)

p. 21

Neglecting the corrections due to the central density variation of finite nuclei 

(i.e., setting χ0=χ2=0) and the higher-order I4 term, our mass formula is 

reduced to Danielewicz’s mass formula P. Danielewicz, Nucl. Phys. A 727, 233 (2003)

is reduced to the well known binding energy formula of ANM at saturation

L.W. Chen et al., PRC80, 014322 (2009)



asym(A), csurf, cCou

p. 22

Analyzing the binding energy of 2348 measured nuclei with 20<A<270, we obtain 



p. 23

(From fitting nuclear masses by using the simple Bethe-Weizsäcker formula) 

(Prediction from our mass formula)

asym(A), csurf, cCou



asym,4(A) vs Esym,4

p. 24

asym,4(A) vs Esym,4(rho0)

Z. Zhang/LWC, 

PLB726, 234 (2013)

P. Danielewicz, 

NPA 727, 233 (2003);

Danielewicz/Singh/Lee

NPA 958, 147 (2017)

R. Wang/LWC, PLB773, 62 (2017)



Esym,4 from csym

p. 25

Csym = 3.28+/-0.50 MeV

H. Jiang/M. Bao/LWC/Y.M. Zhao/A. Arima, 

PRC 90, 064303 (2014)



p. 26

 Significantly larger than the predictions of mean field models

 Such a significant Esym,4 definitely needs further investigation:  

Effects of beyond mean field approximation, Short-range correlations, 

tensor force, ….

Note:

Esym,4 from csym



C. Xu, B.A. Li, L.W. Chen and C.M. Ko, NPA 865, 1 (2011)

C. Xu, B.A. Li, and L.W. Chen, PRC82, 054607 (2010)

R. Chen, B.J. Cai. L.W. Chen, B.A. Li, X.H. Li, and C. Xu, PRC85, 024305 (2012).

Decomposition of the Esym,4 according 

to the Hugenholtz-Van Hove (HVH) theorem

Esym,4(ρ) has very complicated structure in potential decomposition! p. 27

Brueckner/Dabrowski, Phys. Rev. 134 (1964) B722



p. 28

How to affect the properties of neutron stars?  (preliminary)

Esym,4 vs Neutron Stars

The MID Model
L.W. Chen, Sci. China Ser. G52, 1494 (2009) 

Esym,4 (pot) ~ z Esym (pot)
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A relation between asym,4 and EOS of ANM is established, which provides

the possibility to extract Esym,4 from asym,4

A significant value of  Esym,4 = 20.0 +/- 4.5 MeV is obtained based on the 

asym,4=3.28+/-0.50 MeV extracted from nuclear mass by double difference 

method

 Such a significant Esym,4 needs further investigation, e.g., about effects 

beyond mean field approximation with short range correlations, tensor 

forces, …? 

 Esym,4 has important impacts on proton fraction, core-crust edge of 

neutron stars. Such as a significant Esym,4 wil significantly enhance the 

proton fraction and  reduce ρt and Pt. 

Summary

p. 29
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