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Nuclear equation of state (EOS)

The thermodynamic relationship

120

between the binding energy E (or 2 _ Py
E(p,0)=E(p,0)+E +.-, =
pressure P) and density p, as well as (£.6)=E(p.0)+Esn(p)S 0 Lo+ P,
the isospin asymmetry o.
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K, and L determine the EOS in the vicinity of the saturation density. 4



Me incompressibility K, from properties of nuclei
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density and isospin asymmetry in laboratory.
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Semicentral Ar+KCl, La+La, and Ar+ Pb collisions at 800 MeV/nucleon were studied using a
streamer chamber. The results are analyzed in the fr of the analysis
and in terms of the average sphericity matrix. A critical examination of the analysis procedures,
both experimental and theoretical, is given. New procedures are described to account for overall
momentum conservation in the reaction, and to correct for azimuthal variations in the detection

fici Average per nucleon in the reaction plane are presented for deute-
rons emitted in the forward hemisphere, as these provide the most reliable information. A Vlasov-
Uehling-Uhlenbeck calculation with a stiff equation of state gives a good fit to the momenta in the
Ar+Pb reaction. Flow effects parametrized further using the sphericity tensor are found stronger
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Abstract

We reexamine in the relativistic ransport model the dependence of kaon yield on the nuclear equation of stale in heavy
ion collisions at energies that are below the threshold for kaon production from the nucleon-nucleon interaction in free space.
For Au+Au collisions at | GeV/nucleon, we find that the kaon yield measured by the Kaos collaboration at GSI can be
accounted for if a soft nuclear equation of state is used. We also confirm the results obtained in non-relativistic transport
models that the dependence of kaon yield on the nuclear equation of state is more appreciable in heavy ion collisions at
lower incident energies. We further clarify the difference between the predictions from the relativistic ransport model and
the non-relativistic transport model with a momenmum-dependent potential.
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Including the full rapidity and transverse momentum dependence of
the elliptic flow of protons and heavier isotopes™ in the analysis with
the Isospin-QMD (IQMD) transport model, the incompressibility was
determined as K=190 + 30 MeV. This result was confirmed by inter-
preting the same data with three Skyrme energy-density functionals
introduced into the ultrarelativistic QMD (UrQMD) transport model”,
leadingtoK =220 + 40 MeV. The interval of confidence used in the pre-
sent study, K=200 £ 25 MeV, reflects both predictions. The densities

10. LeFévre, A, Leifels, Y., Reisdorf, W., Aichelin, J. & Hartnack, C. Constraining the nuclear
matter equation of state around twice saturation density. Nucl. Phys. A 945, 112-133
(2016).

75. Wang, Y. et al. Determination of the nuclear incompressibility from the

rapidity-dependent elliptic flow in heavy-ion collisions at beam energies 0.4 A -1.0 A GeV.
Phys. Lett. B 778, 207-212 (2018).
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Ultrarelativistic Quantum Molecular Dynamics
Model (UrQMD)

1).Initialization $iFiit) =
Get the coordinater

and the momentum p

2).Propagation
Nucleon moves in the mean-field.
Density, momentum, isospin-
dependent.

3).Collision term

Medium modified cross section.
Density, momentum, isospin-
dependent. Pauli blocking.

4). Cluster recognition
an isospin-dependent Minimum Spanning Tree
Then, compare the simulated results with
experimental data, one can get the information of
EoS and in-medium NN cross section.

PRC 83, 044617 ; 89.034606;
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0

at beam energies 0.4-1.0 GeV/nucleon

Ko (MeV) So (MeV) L (MeV)
Skxs15 201 31.88 34.79
MSK1 234 30.00 33.92
SKX 271 31.10 33.18
SV-sym34 234 34.00 80.95
g T T .
{1 | Danielewicz et al.
Le Fe'vre et al.

Skxs15

-
.

Yongjia Wang, et al., Physics Letters B 778 (2018) 207-212.
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Result I: Determination of K, from elliptic flow in HICs
at beam energies 0.4-1.0 GeV/nucleon
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e slope parameter L from
elliptic flow in HICs at beam energies 0.4-1.0 GeV/nucleon

po (fm™3)  Kgq (MeV)  Sp (MeV) Lo (MeV) Ksym (MeV)
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Result Il: Determination of the slope parameter L from
elliptic flow in HICs at beam energies 0.4-1.0 GeV/nucleon
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Result I11: Determination the densities probed by or
mostly related to v, of nucleons at mid-rapidity.

By reversely tracing nucleons that are finally emitted at mid-rapidity in the entire reaction

process, the time evolution of v, of these traced nucleons is studied.
Au+Au Eiab=0.4 GeV/nucleon b=8fm

20 - - — ——
15,(a) t=0 fm/c | (b) t=10 fm/c | (c) t=16 fm/c

x (fm)

—-20 —iS—iO —‘5 0 5 10 15 -20-15-10-5 O 5 1b 1‘5 —20—i5—i0 -5 0 5 10 15 20
z (fm)

Bo Gao, Yongjia Wang*, et al., Physics Letters B 838 (2023) 137685. 17



Result I11: Determination the densities probed by or
mostly related to v, of nucleons at mid-rapidity.

By reversely tracing nucleons that are finally emitted at mid-rapidity in the entire reaction
process, the time evolution of v, of these traced nucleons is studied.
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Impact parameter. Their values are found to be 60% of
the maximum density reached during the collisions.
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with machine learning
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Result 1V: Study nuclear EOS with machine learning
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Result IV: Study nuclear EOS with machine learning

Generalizability (whether ML algorithms have the ability to infer information from vastly
different data sets, e.g., changing model parameters when generating data)

iR UrQMD model  Number of events The trained LightGBM model is reliable even for
. parameter set for each Esym(p) . . .
Training data  SM+EP4+isoMST 360000 inputs generated by UrQMD with different parameter
Testdatal SM+FP4+isoMST 40000 - - - -
Testdata2 SMfree+isoMST 50000 sets, indicating small model-dependent systematic
Testdata3 SM+FP4+isoMSTa 50000 . H
Testdatad HM+FP4+isoMST 50000 unce rtal ntles'
Table 1
The mean values of predicted L(pg) and their standard deviation o obtained with Gaussian fit. All units are in MeV.
Testdatal (MAE=29.6) Testdata2 (MAE=29.4) Testdata3 (MAE=29.4) Testdata4 (MAE=27.8)
L™ (pg) (LP (o)) o (LP™(pp)) o (LP (po)) o (LP* (o)) o
Skz4 5.8 441 16.8 433 16.1 38.4 164 48.0 17.0
SLy230a 443 523 19.4 513 17.5 473 19.0 58.7 20.2
SV-sym32 57.0 713 251 69.1 23.2 66.6 253 82.9 25.8
SV-sym34 81.2 78.8 272 76.6 24.8 73.9 272 93.0 276
Ski2 106.4 828 279 79.6 25.7 77.7 28.1 98.6 282
Skl 159.0 114.9 29.7 1103 29.8 109.7 31.5 140.8 226
b=0-2 fm b=2-4fm  b=5fm : : e L.
SR T 569 091 The accuracles of binary cIaSS|f|cfa1t|qn
Skz4 VS SKI2 0.731 0.753 0798  tasks for testing data generated with impact
Skz4 VS SV-sym34 0.709 0.735 0.777 parameter b=0-2 fm and b=2-4 fm. The
Skz4 VS SV-sym32 0.692 0.710 0.731

Skz4 VS SLy230a 0.566 0571  o0ssp  training data are generated with b=5 fm.

Yongjia Wang, et al., Physics Letters B 822 (2021) 136669;
Yongjia Wang, et al., Physics Letters B 835 (2022) 137508. 21



S
Summary

v" Both the nuclear EOS of isospin symmetric matter and
nuclear symmetry energy can be deduced from elliptic
flow.

v The most relevant density probed by v, is only about 60%
of the maximum density reached during the collisions.

v Transport model simulations + Machine learning can be a
powerful tool and may offer a new paradigm to study the
underlying physics in HICs.

Thanks for your attention.
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Bethe - Weizsdcker formula for binding energy

O Bethe - Weizsdcker formula:

® an empirically refined form of the liquid drop model for the
binding energy of a nucleus of mass number A with Z protons
and N neutrons

® binding energy has five terms describing different aspects
of the binding of all the nucleons:

o volume energy

surface energy

Coulomb energy (electrostatic repulsion of the protons,)

an asymmetry term (N vs Z)

an exchange (pairing) term (even-even vs odd-even vs odd-odd
number of nucleons)

0
0
0o
0o

Z2
Al/3

B(A,Z)=a,A-a A%’ —a_
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