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OUTLINE

⚫Neutron star matter and pion probes in heavy-ion collisions

⚫Transport approach for pion production (LQMD)

⚫-/+ ratio for constraining the high-density symmetry energy 

⚫Summary and perspective
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EOS-Equation of State

Van der Waals equation
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Johannes Diderik van der Waals 
1837- 1923
Nobel Laureate in physics 1910 
for study of gas and liquid 
equation of state
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QCD phase structure, W.A. Zajc / Nuclear Physics A 967 (2017) 265–272
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Hajime Sotani, Nobuya Nishimura, and Tomoya Naito, 

Prog. Theor. Exp. Phys. 041D01 (2022)

Nuclear symmetry energy
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𝐿
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Neutron star matter and 

heavy-ion collisions

Nature 606 (2022) 276
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Hyperons in neutron stars
S. Weissenborn, D. Chatterjee, J. Schaffner-Bielich, Nucl. Phys. A 881, 62 (2012)

W. Z. Jiang, R. Y. Yang, and D. R. Zhang, Phys. Rev. C 87, 064314 (2013)

D. Logoteta, I. Vidaña, I. Bombaci, Eur. Phys. J. A 55, 207 (2019) 
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Transport models for heavy-ion collisions
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➢ Lanzhou quantum molecular dynamics (Skyrme interaction, Walecka model with , , , )

➢ Isospin physics at intermediate energies (constraining nuclear symmetry energy at sub- and supra-

saturation densities in HICs and probing isospin splitting of nucleon effective mass from HICs)

➢ In-medium properties of hadrons in dense nuclear matter from heavy-ion 

collisions (extracting optical potentials, i.e., (1232), N*(1440), N*(1535)), hyperons (,,) and mesons 

(,K,,,,), hypernucleus dynamics)

➢ Nuclear cluster and hypernuclear cluster production (production cross section, transverse 

momentum spectra, rapidity distribution, collective flows, e.g., ()X, X, X, X(S=1))

Heavy-ion collisions (5 MeV – 5 GeV/nucleon) and hadron induced reaction (p,p, , K, e, etc)

Equation of State of Dense Nuclear Matter at RIBF and FRIB, 
May 23-26, 2023



11

1. Skyrme energy-density functional (LQMD-Skyrme)

Csym=  38 MeV

asym=  37.7 MeV

bsym= -18.7 MeV
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L=53 MeV

L=82 MeVL=139 MeV

L=24 MeV
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2. Covariant energy-density functional (LQMD-RMF)
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Energy density functional

Temporal evolution in phase space
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Si-Na Wei, Zhao-Qing Feng, arXiv:2302.09984
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Symmetry energy in LQMD-RMF
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Collective flows of protons and flow difference with LQMD-RMF  
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3. Pion-nucleon potential
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Evaluation of isoscalar
1) phenomenological ansatz from pionic atom
C. Gale and J. Kapusta, Phys. Rev. C 35, 2107 (1987); 
C. Fuchs et al., Phys. Rev. C 55, 411 (1997); 
Z. Q. Feng and G. M. Jin, Phys. Rev. C 82, 044615 (2010))

Z. Q. Feng et al., Phys. Rev. C 92 (2015) 044604

2) -hole model 
L. Xiong, C. M. Ko, V. Koch, Phys. Rev. C 47, 788 (1993);

C. Fuchs et al., Phys. Rev. C 55, 411 (1997)
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arXiv:2304.03913
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4. Energy conservation for pion production 

The Coulomb potential only exist for the 
charged pairs of

Un and Up are the single-particle potentials of 
neutron and proton, which are density, isospin 
and momentum dependent in nuclear medium.

arXiv:2302.02131, PLB (submitted)
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5. hadron-hadron scattering channels
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Reaction channels with antiproton:

,NNNp →

Statistical model with SU(3) symmetry for annihilation
(E.S. Golubeva et al., Nucl. Phys. A 537, 393 (1992))

Strangeness channels:

Collisions between resonances, NN*N, NN*NN*

 and resonances ((1232), N*(1440), N*(1535), ) production:
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Kinetic energy spectra of -/+ ratio

Bao-An Li, Phys. Rev. Lett. 88, 192701 (2002)

M. B. Tsang et al., Phys. Rev. C 95, 044614 (2017)
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LQMD: Phys. Lett. B 683 (2010) 140

IBUU04: PRL102(2009)062502
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RBUU: PRL97 (2006) 202301

Pion production near threshold energies in heavy-ion collisions
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Threshold effects of 

production by  the 

relativistic Vlasov-

Uehling-Uhlenbeck (RVUU)

Taesoo Song, Che Ming Ko, 
Phys. Rev. C 91, 014901 (2015)
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Jun Hong and P. Danielewicz, 

Phys. Rev. C 90, 024605 (2014)     pBUU with  being the stiffness parameter of SE
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Temporal evolution of production rate and density profiles of particles in collisions of 197Au+197Au

Zhao-Qing Feng, Nuclear Science and Techniques 29 (2018) 40. (Invited review) (arXiv:1802.10294)
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Pion production in isotopic nuclear reactions by LQMD-RMF (Si-Na Wei, Zhao-Qing Feng, arXiv:2302.09984, PRC, 
no threshold correction!) The data are taken from J. Estee et al. (SπRIT Collaboration), Phys. Rev. Lett. 126, 162701 (2021).
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L=4225 MeV

arXiv:2302.02131, PLB (submitted)
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-/+ and -/- for constraining the high-density SE
Zhao-Qing Feng, arXiv: 2303.04415, Phys. Lett. B (submitted)

124Sn+124Sn
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Zhao-Qing Feng, Eur. Phys. J. A, 57 (2021) 18The STAR Collaboration, arXiv:2211.16981 (PRL, accepted)

Equation of State of Dense Nuclear Matter at RIBF and FRIB, 
May 23-26, 2023



29

Multi-strangeness hypernuclide production 

H.G. Cheng, Z. Q. Feng, Phys. Lett. B 824 (2022) 136849

197Au+197Au@3A GeV
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➢ A soft symmetry energy with the slope parameter of L(0) = 4225 MeV 

by using the standard error analysis within the range of 1 is obtained by 

analyzing the experimental data from the SRIT collaboration in reactions of 

108Sn+112Sn and 132Sn+124Sn at 270 MeV/nucleon.

➢ The -/+ ratio depends on the stiffness of symmetry energy, in particular 

at the beam energy below the threshold value (Eth=1.58 GeV), i.e., the kinetic 

energy spectra of the single ratios, excitation functions and energy spectra of the 

double ratios in the isotopic reactions of 108Sn + 112Sn, 112Sn + 112Sn, 124Sn + 124Sn 

and 132Sn + 124Sn. The double strangeness ratio -/0 weakly depends on the 

symmetry energy because of the hyperon-hyperon collision mainly contributing 

the  production below the threshold energy (Eth = 3.72 GeV).

➢ Nuclear clusters and hypernuclear clusters for probing the high-density 

symmetry energy in the near future, t/3He, t/ 3
He etc.

112Sn+112Sn@50A MeV

AMD calculation by Akira Ono, J. Phys. Conf. 
Ser. 420 (2013) 012103
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