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Year Contents Key Contributors Theory & Methods

1930s-40s Neutron discovery, Fermi Gas Model Chadwick, Fermi Nonrelativistic
theory

1940s–50s
Liquid drop model, nuclear many-body theory Bethe, Weizsäcker

Brueckner theory, G-matrix Brueckner Nonrelativistic
Brueckner theory

1950s-1960s Named “nuclear equation of state”

1960s–70s Skyrme interactions, RMF theory… Skyrme, Walecka… Relativistic
mean field1980s–90s Applications to neutron stars, quark matter Glendenning, Akmal-Pandharipande

2000s-2010s Chiral EFT, variational methods Hebeler, Gandolfi, Carlson

2010s–20s Multi-messenger astrophysics constraints LIGO/Virgo, NICER, Ozel, Lattimer Bayesian analysis

Ⅰ、Background——history
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Ⅰ、Background——history
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Prog. Part. Nucl. Phys. 134, 104080(2024)

Science 298, 1592-1596 (2002).

Universe 7, 182 (2021)

Phys. Rev. Lett. 131, 202303 (2023).

EoS vs. density: soft → stiff ?

Nature 606, 276-280 (2022)

Ⅰ、Background——status

Larger uncertainties at higher densities!!!
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 Phys. Rev. C 108, 034908 (2023)

①

更
高
密
度

②

密
切
关
联
实
验
条
件

Ⅰ、Background——trends

Prog. Part. Nucl. Phys. 
134, 104080(2024)
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A. Boehnlein, M. Diefenthaler, N. Sato,  et al. Rev. Mod. Phys. 94, 031003 (2022).
W. B. He, Q. F. Li, Y. G. Ma, Z. M. Niu, J. C. Pei and Y. X. Zhang, Sci. China Phys. Mech. Astron. 66, 282001 (2023).

④ AI4science 

③ HICs+Multimessenger astronomy 

M. McLaughlin, Physics 10, 114(2017)
C. Y. Tsang, et al. Nature Astron. 8, 328-336 (2024).

Ⅰ、Background——trends
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a) 丰富的粒子种类和复杂的核环境

b) 理论模拟与实验条件的差异

Ⅰ、Background——questions
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c) 不确定度分析

Ⅰ、Background——questions

 S. Huth, P. T. H. Pang, I. Tews, T. Dietrich, et al. Nature 606, 276-280 (2022).

Joint analyses can shed light on the properties of neutron-rich supranuclear matter over the density 
range probed in neutron stars.
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BUU equation

sc-RBUU equation

Hartree term Fock term

Born direct term Born exchanged term

RBUU transport theory： Feynman diagram

Ⅱ、Self-consistent RBUU transport theory
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( ) ( ) ( ) 2 3 4 1 2 3 4 2 2 3 4 3 4, , , , , , , , , ,W p p p p G p p p p G p p p p p p= + + ↔

The collision term can be expressed as:

The relationship between the scattering cross section and the collision term is:

Therefore the collision term can be expressed as:

( )
3

2
2 13

1( , ) ( , ) .
2 (2 )

d pC x p v s t F F dσ
π

= − Ω∫

( ) ( )( )
33 3

4 (4)32 4
2 3 4  2 3 4 2 13 3 3

1( , ) (2 ) , , , ,
2 (2 ) (2 ) (2 )

d pd p d pC x p p p p p W p p p p F Fπ δ
π π π

= + − − −∫ ∫ ∫

Ⅱ、Self-consistent RBUU transport theory

 G. Mao, Z. X. Li, Y. Z. Zhuo, Y. L. Han and Z. Q. Yu, Phys. Rev. C 49, 3137-3146 (1994).
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LI is the interaction Lagrangian density of nucleons coupled
to σ, ω, ρ, and π mesons and reads as

 The medium correction of NN elastic cross
sections is isospin dependent.

 𝜎𝜎𝑛𝑛𝑛𝑛∗ depends on the baryon density weakly,
while 𝜎𝜎𝑛𝑛𝑛𝑛(𝑛𝑛𝑛𝑛)

∗ depends on the baryon density
significently. Which is due to the different
effects of the medium correction of nucleon
mass and ρ meson mass on 𝜎𝜎𝑛𝑛𝑛𝑛∗ and 𝜎𝜎𝑛𝑛𝑛𝑛(𝑛𝑛𝑛𝑛)

∗ ,
respectively.

Ⅲ、NN → NN elastic cross section

 Q. F. Li, Z. X. Li, G. J. Mao, Phys. Rev. C 62, 014606(2000).
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The ρ meson field plays a dominant
role in the isospin dependence of
the NN elastic cross sections.

Ⅲ、NN → NN elastic cross section

 Q. F. Li, Z. X. Li, G. J. Mao, Phys. Rev. C 62, 014606(2000).
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The scalar-isovector δ meson is further introduced into the effective Lagrangian to 
calculate the in-medium NN elastic cross section

The density dependence of 𝜎𝜎𝑛𝑛𝑛𝑛∗  and 𝜎𝜎𝑛𝑛𝑛𝑛(𝑛𝑛𝑛𝑛)
∗  is 

very different, at  low densities, the 𝜎𝜎𝑛𝑛𝑛𝑛∗  is 
about three to four times larger than 𝜎𝜎𝑛𝑛𝑛𝑛(𝑛𝑛𝑛𝑛)

∗ , 
it means that at dense nuclear matter the 
isospin effect on in-medium NN cross section
almost washes out.

Ⅲ、NN → NN elastic cross section

 Q. F. Li, Z. X. Li, E. G. Zhao, Phys. Rev. C 69, 017601 (2004).
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• The isospin effect on the density dependence of the in-
medium NN elastic cross section is dominantly
contributed by the isovector δ and ρmesons.

• The temperature effect of nuclear medium on 𝜎𝜎𝑛𝑛𝑛𝑛∗ and
𝜎𝜎𝑛𝑛𝑛𝑛(𝑛𝑛𝑛𝑛)
∗ is weaker compared with the density effect.

Ⅲ、NN → NN elastic cross section

 Q. F. Li, Z. X. Li, E. G. Zhao, Phys. Rev. C 69, 017601 (2004).
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Ⅲ、NN → NN elastic cross section

Q.  Li, et. al., J. Phys. G 32, 407 (2006).   Q. Li, et al., Phys. Rev. C 83, 044617 (2011),   Y. Wang, et al., Front. Phys. 15, 44302 (2020).

 Used in the UrQMD model

𝐾𝐾0 = 220 ± 40 MeV
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√sNN=2.6 GeV, Au+Au (b=0 fm)

Ⅳ、Δ related cross sections

R. B. Jacobsen, V. Dexheimer and R. Luciano Sonego Farias, Astron. Nachr. 344, 
e230038 (2023).

J. Steinheimer, M. Omana Kuttan, T. Reichert, Y. Nara and M. Bleicher, [arXiv:2501.12849 [hep-ph]].

neutron star
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Ⅳ、hard- and soft- ∆ production cross sections

 Q. F. Li and Z. X. Li, Phys. Lett. B 773, 557-562 (2017); Sci. China Phys. Mech. Astron. 62, 972011 (2019).

• Similar to the NN elastic ones, the reductions of N∆ inelastic cross sections is
also isospin dependent and the effect is largest and of opposite sign for the ∆++

and ∆− states.
• The mass-splitting effect on 𝜎𝜎𝜋𝜋𝑁𝑁→𝛥𝛥∗ which is mainly from the mass splittings of

nucleon and ∆ baryons,
• the largest mass-splitting influence is reflected in the production of ∆0 and ∆+

isobars.
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Also, recent theoretical studies (see e.g., Refs. [52,53]) indicate that the exchange of the δ meson in the NN → NΔ scattering
can also cause a splitting of the suppression factors for the Δ production cross sections in different channels.

K. Godbey, Z. Zhang, J. W. Holt and C. M. Ko, Phys. Lett. B 829, 137134 (2022).

Ⅳ、NN → NΔ cross section
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Ⅳ、NN  NΔ cross section
 NN→NΔ cross section in UrQMD

• The 𝜎𝜎𝑁𝑁𝑁𝑁→𝑁𝑁∆
UrQMD underestimated the data by approximately 3 mb 

at 0.4A GeV.

• Hubbert function form:

Y. Y. Liu, Y. J. Wang, Y. Cui, C. J. Xia, Z. X. Li, Y. J. Chen, Q. F. Li and Y. X. Zhang, Phys. Rev. C 103, 014616 (2021).
Y. Y. Liu, J. P. Yang, Y. J. Wang, Q. F. Li, Z. X. Li, C. J. Xia and Y. X. Zhang, Nucl. Sci. Tech. 36, 45 (2025)

• Δ mass dependence of the NΔ → NN cross 
section.



20

Ⅳ、NN  NΔ cross section
 Symmetry energy at characteristic densities
the momentum change in the reaction plane

the momentum change in the transverse direction

𝑆𝑆(1.2𝜌𝜌0) = 34 ± 4 MeV

𝑆𝑆(1.5𝜌𝜌0) = 36 ± 8 MeV

𝐿𝐿 = 5~70 MeV

𝑆𝑆0 = 30~40 MeV

• Overlaps with the constraints from the theoretical
calculation using the chiral efective fIeld theory (𝜒𝜒EFT).

flow：1.2 ± 0.6 𝜌𝜌0 pion：1.5 ± 0.5 𝜌𝜌0

Y. Y. Liu, J. P. Yang, Y. J. Wang, Q. F. Li, Z. X. Li, C. J. Xia and Y. X. Zhang, Nucl. Sci. Tech. 36, 45 (2025)
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 An overall suppression of 𝑁𝑁∆→ 𝑁𝑁∆ cross section, especially at low energies.

 Due to the density-dependent coupling constants adopted in this work, the

decrease in cross section with density is faster.

 Compared to σ and ω, the contribution of ρ meson exchange is weak

especially at high energies.

1. A. R. Raduta, Phys. Lett. B 814, 136070 (2021).
2. G. A. Lalazissis, T. Niksic, D. Vretenar, and P. Ring, Phys. Rev. C 71, 024312 (2005).

Also, in the coupling ‘constants’: 

M. Z. Nan, P. C. Li, Y. J. Wang, Q. F. Li, W. Zuo, Eur. Phys. J. A 60, 131 (2024).

Ⅳ、NΔ → NΔ elastic cross section
 Density dependence (𝜎𝜎,𝜔𝜔,𝜌𝜌 meson field)



22

 The inclusion of 𝜌𝜌 meson exchange leads to obvious

isospin effect especially at low densities.

 With increasing density, the isospin effect is fading

away…

 When the density reaches 3ρ0, the isospin effect almost

disappears.

Ⅳ、NΔ → NΔ elastic cross section

M. Z. Nan, P. C. Li, Y. J. Wang, Q. F. Li, W. Zuo, Eur. Phys. J. A 60, 131 (2024).

 Density dependence (𝜎𝜎,𝜔𝜔,𝜌𝜌 meson field)
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Ⅳ、NΔ → NΔ elastic cross section

• 𝜎𝜎𝑁𝑁𝛥𝛥∗  decreases with increasing density, indicating a visible density dependent suppression of nuclear medium.
• The ρ and δ meson related-terms have a larger contribution than that of ρ meson field.
• The contribution of each meson exchange term decreases with increasing reduced density, the baryon-baryon-

meson coupling constants and the effective masses of nucleons and ∆ particles.
• Obvious cancellation effect, but the net-contribution of ρ and δ related exchange terms to the 𝜎𝜎𝑛𝑛𝛥𝛥++

∗ is larger than 0.

M. Z. Nan, P. C. Li, Q. F. Li, W. Zuo, [arXiv:2412.13497 [nucl-th]] Density dependence (𝜎𝜎,𝜔𝜔,𝜌𝜌, 𝛿𝛿 meson field)
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Ⅳ、NΔ → NΔ elastic cross section

• 𝑅𝑅(𝛼𝛼) for p∆ channels is decreased, while that for n∆ channels is increased as α increases from 0.0 to 0.3, since the
contribution of δ meson exchange to the effective masses of protons, neutrons and ∆-isobars have opposite signs.

• The isospin effect, which introduced by isovector ρ and δ meson fields, in N∆ → N∆ channel should not be
negligible even at such a high energy and density.

M. Z. Nan, P. C. Li, Q. F. Li, W. Zuo, [arXiv:2412.13497 [nucl-th]] Density dependence (𝜎𝜎,𝜔𝜔,𝜌𝜌, 𝛿𝛿 meson field)
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Ⅳ、Δ-related cross sections
 Isospin dependence (𝜎𝜎,𝜔𝜔,𝜌𝜌, 𝛿𝛿 meson field)

𝑝𝑝𝑝𝑝 → 𝑛𝑛∆++
...

𝑛𝑛𝑛𝑛 → 𝑝𝑝∆−

𝜋𝜋−𝑝𝑝 → ∆0
...

𝜋𝜋+𝑛𝑛 → ∆+

𝑛𝑛∆++→ 𝑛𝑛∆++
...

𝑝𝑝∆−→ 𝑝𝑝∆−

The largest splitting: 

𝑝𝑝𝑛𝑛 → 𝑛𝑛∆+
...

𝑛𝑛𝑛𝑛 → 𝑛𝑛∆0

𝜋𝜋−𝑛𝑛 → ∆−
...

𝜋𝜋+𝑝𝑝 → ∆++

𝑝𝑝∆++→ 𝑝𝑝∆++
...

𝑛𝑛∆−→ 𝑛𝑛∆−

The smallest splitting: 
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Ⅳ、T dependent NN → NΔ cross section
 Temperature dependence

density-dependent 
coupling 
constants

nonlinear-dependent 
coupling constants

 at the density <1.5𝜌𝜌0, results from two channels close to each other.

 As the density increases, the T dependence increases.

 As the isospin asymmetry increases, the T dependence increases.

u
= 2

• Density-dependent coupling 
constants

DD-ME𝛿𝛿
X. Roca-Maza, X. Vinas, M. Centelles, P. Ring and P. Schuck, 
Phys. Rev. C 84, 054309 (2011)

• Nonlinear-dependent coupling 
constants

R. Machleidt, Adv. Nucl. Phys. 19, 189 (1989).
N. Zabari, S. Kubis, and W. Wojcik, Phys. Rev. C 100, 
015808 (2019)
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Ⅴ、Summary and outlook
 The non-equilibrium dynamic theory and model are critical to understanding the dense nuclear matter;

 The self-consistent RBUU transport theory is further developed;

 The energy-, density-, isospin-, and temperature-dependent NN→NN、NN→NΔ、Nπ → ∆、NΔ → NΔ cross 

sections are analyzed within sc-RBUU framework, and partly introduced into the UrQMD model;

 The influence of the in-medium effects of cross-section on EoS sensitive observables should be carefully 

considered.

感谢聆听 欢迎合作！

湖州师范学院      李庆峰 liqf@zjhu.edu.cn

 Analyzing the differences between the HIC and neutron star environments: composition, isospin asymmetry, 

temperature, gravity, ...;

 Effects of different compositions on the EoS;

 Parameterize the cross-section and introduce it into the microscopic transport model;

 Multi-observables Bayesian inference.
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