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How does the nuclear equa1on of state 
determined from heavy ion collisions differ
from that for a cold nuclear ma8er that is
needed for studying the proper1es of 
neutron stars?

Ques1on raised at NUSYM18

Discussions among Maria Colonna, Pawel Danielewicz, 
Arianna Carbone,  Jeremy Holt, Hermann Walter, Jun Xu, ………… 
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Danielewicz, Lacey & Lynch, Science 298, 
1592 (2002)Direct and elliptic flows

§ Data consistent with a nuclear EOS with K ≈ 200 -300 MeV.
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Subthreshold kaon production in high-energy HIC
Aichelin & Ko, PRL 55, 2661 (1985) Fuchs, PRL 86, 1974 (2001)

§ Kaon production at subthreshold energy in HI collisions is sensitive to
nuclear EOS, and data are consistent with a soft one (K = 200 MeV)

Nb+Nb @ 700 AMeV



5

W.-J. Xie et al. / Physics Letters B 718 (2013) 1510–1514 1513

Fig. 3. (Color online.) The π−/π+ ratio as a function of the neutron/proton ratio of reaction systems for central 40Ca + 40Ca, 96Ru + 96Ru, 96Zr + 96Zr and 197Au + 197Au
collisions at 400A MeV. The results are calculated by different stiffness of the symmetry energy using the ImIBL model with the SM (left panel) and different transport
theories (right panel).

Fig. 4. (Color online.) Excitation functions of the π−/π+ ratio in central 197Au + 197Au collisions for different stiffness of the symmetry energy using the ImIBL model with
the SM (left panel) and different transport theories (right panel).

energies near the π threshold, the π− is more easy to pro-
duce than the π+ in the early stage of the collisions. For the
higher incident energies, the π−/π+ values are only affected by
the symmetry energy because the effects of the fluctuations are
negligible.

We would like to point out that the threshold effects are not
included in the present work. According to the Ref. [14,15], the
threshold effects increase the π− yield through enhancing the pro-
duction of the "− resonances. The in-medium threshold values of
producing π± and π0 production are different because of the dif-
ferent effective Dirac masses of the four isospin states of the "
resonance. In the framework of the RBUU model, the symmetry
energy is related to the ρ- and δ-meson couplings. Because of the
inconsistent treatment of the mean-field potentials in the RBUU
and ImIBL approaches, the predicted dependence of π−/π+ ra-
tio on the symmetry energy is opposite. From the left panel of
Fig. 4 we can see that the π−/π+ yield at lower incident energies
is more sensitive to the symmetry energy and can provide more
information of the symmetry energy, especially at beam energies
smaller than the π threshold. Further experimental works are very
necessary to constrain the symmetry energy and test our findings
here.

In summary, the π production in central heavy ion collisions
at the incident energies from 250 to 1200A MeV is studied in
the framework of the ImIBL model. It is found that the calculated
results of π multiplicity with the SM are close to the experimen-
tal data. The π multiplicity is very sensitive to the fluctuations
at energies smaller than the π threshold. The dependence of the
π−/π+ ratio on N/Z of reaction systems at 400A MeV and the
excitation functions of π−/π+ ratios for central 197Au + 197Au
collisions are compared with the SM, but different stiffness of sym-
metry energy and different transport theories. Our results support
the view of the BUU model that the calculations with the supersoft
symmetry energy approach the FOPI data.

Acknowledgements

This work was supported by the National Natural Science Foun-
dation of China under Grants No. 11025524 and No. 11161130520
and the National Basic Research Program of China under Grant No.
2010CB832903.

References

[1] B.A. Li, L.W. Chen, C.M. Ko, Phys. Rep. 464 (2008) 113.
[2] H.A. Bethe, Rev. Mod. Phys. 62 (1990) 801.
[3] M.B. Tsang, Y. Zhang, P. Danielewicz, M. Famiano, Z. Li, W.G. Lynch,

A.W. Steiner, Phys. Rev. Lett. 102 (2009) 122701.
[4] W. Reisdorf, M. Stockmeier, A. Andronic, M.L. Benabderrahmane, O.N. Hart-

mann, N. Herrmann, K.D. Hildenbrand, Y.J. Kim, M. Kiš, P. Koczoń, T. Kress,
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Chiral nucleon-nucleon forces Machleidt & Entem, Physics reports
503, 1 (2011)

§ Fit measured phase shi@s well
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Selfconsistent Green’s function method
W. H. Dickhoff and C. Barbieri, Prog. Part. Nucl. Phys. 52, 377 (2004).
A. Rios, A. Polls, and I. Vidaña, Phys. Rev. C 79, 025802 (2009). 

Nucleon spectral function A(p,!) ⇠ Im⌃⇤(p,!)
<latexit sha1_base64="qMnTBuSaYpjKZ5+UTMHMpHqFrDI="></latexit>

Dyson0s equation G(p,!) = G0(p,!) +G0(p,!)⌃
?(p,!)G(p,!)

<latexit sha1_base64="87jnqMGgBTHaZaoB5oPSsMBS368="></latexit>

Nucleon occupation number n(p) =
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Energy per nucleon (Equation of state) Fermi-Dirac distribuTon

Three-body contribuTon
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Nuclear equa*on of state at different temperatures
Carbone, Polls & Rios, PRC 98, 025804 (2018), SCGF approach
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Chiral effec+ve many-body perturba+on theory 

J. W. Holt and N. Kaiser, PRC 95, 034326 (2017)

§ The wavy line includes the (antisymmetrized) density-dependent 
NN interaction derived from the chiral three-body force at N2LO. 
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Nuclear equation of state at different temperatures
Wellenhofer, Holt & Kaiser, PRC 92, 015801 (2015), Perturba?ve approach 

with chiral NN interac?ons
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Improved momentum-dependent density functional
J. Xu, L. W. Chen, and B. A. Li, Phys. Rev. C 91, 014611 (2015).
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§ Fit to empirical energy dependence of single nucleon potential from
Hama et al. [PRC 41, 2737 ( 1990), 47, 297 (1993)].
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Chiral effec+ve theory inspired Skyrme density func+onal
§ Sk!m* interaction (K0=230 MeV, Esym=31 MeV, L=45.6 MeV)

- Parameters fiDed to EOS from 
chiral effecKve theory and binding 
energies of 7 doubly magic nuclei

- Good descripKon of momentum 
dependence of opKcal potenKal
below 600 MeV, dipole polarizability, 
and neutron skin thickness

Zhang, Liam, Holt & Ko, PLB 777, 73 (2018), Zhang & Ko, PRC 98, 054614 (2018)

VSHF = t0[(2 + x0)⇢
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Nucleon number occupa.on number at normal density

§ Depletion of low momentum nucleons in SNM from SCGF due to 
correlation effects.

§ More low momentum nucleons from Sk!m* in PNM at high
temperature due to strong quadratic momentum dependence.
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Entropy per nucleon and heat capacity
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§ Larger entropy from SCGF
due to correlations.

§ Smaller entropy from 
Sk!m* due to sharper 
nucleon momentum 
distribution, and thus 
smaller heat capacity at 
larger momentum.
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Kinetic energy and potential energy per nucleon

§ SCGF has a larger kine2c energy due to smaller occupa2on number

at low momentum as a result of correla2ons.

§ ImMDI-GF and Sk!m* have similar poten2al energy in SNM but differ

in PNM due to different occupa2on numbers, and both higher than SCGF.
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Nuclear matter equation of state at different temperatures

§ In SNM, ImMDI-GF agrees with both SCGF and !EMBPT, which are 
consistent within their uncertainBes, at all temperatures but Sk!m* 
starts to deviate as temperature of SNM increases.

§ In PNM, Sk!m* does beJer at high temperature. 
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Momentum dependence of mean-field potential 
in nuclear matter at different temperatures 

§ In SNM, both ImMDI-GF and Sk!m* have too strong momentum 

dependence than both SCGF and !EMBPT, with Sk!m* even   

stronger due to its quadraGc dependence.

§ In PNM, ImMDI-GF agrees with both SCGF and !EMBPT but Sk!m*

remains too strong. 
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Summary
§ Two representa.ve nuclear effec.ve interac.ons ImMDI-GF and Sk!m*, 

with former fiDed to the EOS of cold PNM from SCGF and laDer fiDed to 
that of cold SNM and ANM from !EMPT using chiral forces, are 
considered.

§ For SNM at finite temperatures, EOS from ImMDI-GF agrees with those 
from both SCGF and !EMPT, while that from Sk!m* is soNer at high 
temperature.

§ For PNM at finite temperature, EOS from Sk!m* agrees with those from 
SCGF and !EMPT, while that from ImMDI-GF is slightly s.ffer at high 
temperature.

§ Momentum dependence in nucleon poten.al for SNM from both ImMDI-
GF and Sk!m* are too strong compared to those from  SCGF and !EMPT. 
In PNM, ImMDI-GF has similar momentum dependence as in SCGF and 
!EMPT, while that in Sk!m*remains too strong. 

§ Generally, correct momentum dependence in effec.ve interac.ons help 
to model the temperature dependence in SCGF and !EMPT. 
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All effec've nucleon-nucleon interac'ons or nuclear
density func'onal used in transport model studies of
heavy ion collisions should compare the resul'ng 
nuclear ma9er equa'on of states with those from 
ab ini'o theories such as SCGF and !EMBPT.

Thanks!


