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Transport phenomena

In daily life In HICs

nucleons, baryons, mesons, ...
Microscopic, N-body system,
time-dependent
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Transport theory

DeepSeek: Transport theory 1s a macroscopic and microscopic
framework that studies the processes of transfer or "transport" of
physical quantities (such as mass, momentum, energy, and electric
charge) through a medium under non-equilibrium driving forces.

ChatGPT: Transport theory describes how particles, energy, or
physical quantitiecs move and evolve through a medium under the
combined effects of drift, diffusion, and interactions. How
particle distributions and macroscopic fluxes change in space,
time, and energy due to collisions, external forces, and medium

roperties. - gz




19th. Origin of transport theory
* James Clerk Maxwell (1860): velocity distribution of gas moleculars from statistical
view point, Maxwell velocity distribution

* Ludwig Boltzmann (1872): Blotzmann equation and H-theorem, which marks the
official birth of transport theory,

of PR
StV Ve f +F-Vf = Jd®p1dQ v, eolf (p)f1(p1) — f(p)f1(p1)]

OH
H(t) = [f(r,p,t)Inf(r,p, t)d3rd3p, 7 <0

The Boltzmann equation describes the time evolution of the single-
= particle distribution function in dilute gases and serves as the foundation

E for all subsequent transport theories. <
:




Quantum extension: Uehling-Uehlenbeck factor,

Phys.Rev.43.552

APRIL 1, 1933

PHYSICAL REVIEW

VOLUME 43

Transport Phenomena in Einstein-Bose and Fermi-Dirac Gases. I

E. A. UEHLING AND G. E. UHLENBECK, University of Michigan
(Received February 13, 1933)

The theory of gases in nonstationary states, given by
Lorentz and Enskog, is generalized for the quantum
statistics to give the hydrodynamical equations and the
distribution function in first and second approximation,
and formal expressions for the viscosity and heat con-
ductivity coefficients. These results are valid for all sta-
tistics and for all degrees of degeneration. Two essential
points contribute to this generality: (a) Exact expressions
independent of statistics and degeneration can be given for
the coordinate and time derivatives of the coefficient 4 of
the equilibrium distribution function in terms of the
pressure and temperature gradients and time derivatives,
though a closed expression for this coefficient as a function

of vand T is known only in limiting cases; (b) The function
W of the general equation of state for ideal gases in all
statistics

pv=(RT|M)W(@T)

is adiabatically invariant. Numerical values of the viscosity
and heat conductivity coefficients, which should come out
of the formal theory on the introduction of special assump-
tions about the molecular forces, have not wvet been
obtained. It is our hope that these results, when found,
may furnish an experimental test of the existence of
Einstein-Bose statistics in real gases, as is required by
theory.
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Mid-20th century: quantum and non-
equilibrium statistics

* Bogoliubov (1940s—1950s) systematically derived the
Boltzmann equation from microscopic many-body
quantum mechanics using the BBGKY hierarchy |
(Bogoliubov—Born—Green—Kirkwood—Yvon hierarchy).’

molecular chaos hypothesis (Stosszahlansatz), which |

assumes that two-particle correlations decay rapidly after
collisions.

* Kadanoff and Baym (1962) established the framework
of quantum transport theory based on the
pon-equilibrium Green’s function (NEGF) formalism,
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1. Classical

BBGKY hierarchy— Bogolyubov (46F), Brown(491F),
Green(494F), Kirwood(46F), Yvon(37%F)

N-body distribution function,

da(ty), Pa(ty) fN(rlap 15 +++s INo pN)

q;(ty), pPa(ty)

A=123,..
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Liouville Equation for N-body system,
c)A dB dA oB

of
_— = A B = > -
Hamiltonian N
P:
Hy = + Vi + V.
N Z 12m 1<,<ZJ<N 1<i<jz<kSN I

. Vi, M{EtE B EREEE
HN=§[§— b+ 3

'|<l<_I<N

TR $(r) single-particle potential, \7,-j two-body residue interaction

= Curse of dimensionality: griding phase space, 100 mesh points on each |
B dimension, =1072A, A=200, number of mesh points =102400

FAAYFY
rer ! ° ! -




EAE. RN

Simplify complexity, master complexity with
1t
| —body c{n slgrllgl tion functlon

f)= Jfnd®E pq...d%Ey

VIN

df/ N —
= Hufi}+ Iz (VVir) - (Vg fran) .08

BBGKY hierarchy
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1st BBGKY hierarchy equation

of 1(r,p, t) NE="T
dt ={H11f1}+ V IZ_l (Vrv(r1rr2)) .foZ(r'lrp'l;rZIpZ)"'d6€2
1= ‘ ‘
H:s ingle-particle Vi(r,r;) two-body f,: two-body phase
Hamiltonian residue int. space distributions

RN

d p of ;
d—f1(r p,t)+— V. fi(r,p,t) + Vo(r) - V,f(r, p.t)—( )coll

of N —
C oot = | z (VV(r,r2)) - Vpfo (1, pi 12, p2) 0%,

=

* Dilute gas
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2 . Quantum-Nonrelativistic

Schrodinger Eq. for N-body system

W (x4, X,) N-body wave function

2

; 5w($1:~“*1$n) i fi 5
h o &S PR ] d P Ilr T
; ot ( ; va?f —I_V(Ih 1"]:11))1;)(5';1' 133?1)

N-body density matrix

[ p” = lpNyl  ihop™ = [H, p"] }
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It we only consider two-body interaction,

:
H = ZT +§ > V,j
iJj(i#))

Detine Liuviole operatore, L; = [T;,] and L,'j —= [% Vijr] ’

and reduced density matrix,

N!
p(k) —

% pth) = " (N)
otP (N k)1 1 N)(ZL+ Z Lj; +(”—k)Zl—,k+1)p

=1 i,j(i#j) i=

cp
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0 "

a T

EP(Z)(T) — - (Ll + L2 + LIZ) P(Z)(T) + tf(3) (L13 T L23) p(3)(f)]
In case of

1 2 1 2 1 2
p® =pi"py” — p3 0t = Arapi” p3”

We can get the TDHF eq. without L,
) 2
§)) ;e ()
— t) =—i[—+ U ,
ot py (1) ’.2m ("), p;i’l

FARF 39 B A
U(ptV) = ”2A12V12P§1)
HFERFRERZH5RER I:Nl:
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Considering the two-body correlations,

) (2
p® = Ayl p5? + oy, p® = (1=Cip)Apy’ oy

The Hamiltonian can be written as single-body Hamiltoian+residual interaction

H = Hq+ vy, FEZ - A% BT + KGR I

8. . i !
- p = [Hﬂ[p], p] K[p, u12]+51([u12,g12]

« fe=iE B E, 10A-500A MeV

TDHF+ Initial fluctuation SMF, BLOB models: Napolitani, Colonna,
Lacroix, Ayik, Yilmaz, PRC(2012) PLB726(2013)
Lacroix et al., EPJA52(2016) M. Colonna, PPNP113 (2020) 103775

4
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Coarse-graining

=1
C,=d,

* Projector operator

Z |lmm){m’'m’|
m,m ey

Wigner transformation

fir.p) = [ € Ps(r 4 Jslpir - Js)as,
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PHYSICAL REVIEW C VOLUME 36, NUMBER 2 AUGUST 1987

Kinetic equation of nuclear gas

Bo-jun Yang and Shu-guang Yao
Department of Technical Physics and Radioelectronics, Peking University, Beijing, China
(Received 27 January 1987)

The kinetic equation on nucle
proved Boltzmann-Uehling-Uhl L BER- B FB - mEDEEHRY HE Vol. 13, No.7
body effects. 1989 £ 7 A HIGH ENERGY PHYSICS AND NUCLEAR PHYSICS July, 1989

i 48 3 i BUU 75 3F

% ¥ Ex R
(hEHERAROAN2H) (REERTFHAREILX
144 HeW EORE W B S B E vol. 14, No. 6

1990 £ 6 PE! HIGH ENERGY PHYSICS AND NUCLEAR PHYSICS June, 1990

PR EEX EEE RS RS

(1) hh=eargeBXRE
K+ ok %%

(R EAHERTER M)

| =
AXFETEET THAFKN, HEBEARRNIEZERZ N E Boltzmann-Uehl-

ng-Uhlenbeck 2 #: , B T " Ne+PNe#H T £ H T HF i B H5 —150MeV/u
R AFuREN, REVILHALB S  F2B-6 MR TR, W TF
1 2 Ve Rk I o A7 R PH R S T M 3R 5 AR B W R R B I3 R R VL R Y R
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Transport models

PHYSICS REPORTS (Review Section of Physics Letters) 160, No. 4 (1988) 189-233. North-Holland, Amsterdam

A GUIDE TO MICROSCOPIC MODELS FOR
INTERMEDIATE ENERGY HEAVY ION COLLISIONS

G.F. BERTSCH
Cyclotron Laboratory and Physics Department, Michigan State University, East Lansing, M1 48824, (J.5.A.
and

S. DAS GUPTA

Physics Department, McGill University, Monireal, Quebec, Canada H3A 2T&
Contents: Rersived Santemhar 1087

PHYSICS REPORTS (Review Section of Physics Letters) 202, Nos. 5 & 6 (1991) 233-36(. North-Holland

“QUANTUM’' MOLECULAR DYNAMICS—A DYNAMICAL MICROSCOPIC
n-BODY APPROACH TO INVESTIGATE FRAGMENT FORMATION
AND THE NUCLEAR EQUATION OF STATE IN
HEAVY ION COLLISIONS

Jorg AICHELIN
Institut fiir Theoretische Physix der Universitit Heidelberg, D-6900 Heidelberg, Fed. Rep. Germany

o Editar: G.E. Brown Received June 1990 gz




A, BUU type: f(r,p,t) one body phase space density

af B 1 a3 do
ot RN Nl Vi - (2m)8 _/ 4" Pad Py dﬂﬁbm Two-body collision: occurs between test part.
Mean field <{[f fo(1— frr) (1= for)] = [frr for (1= ) (1= fo)]

K(Eﬂ}gﬁﬂ(p—k pPo—Ppir—par)}

NN
. 1 : Solved with test particle methods. CYWan
. E fpp— 6 T i "j _ i p b gb
f(r.p) w; (F=r)0(P=Pi) | pp s 1460(1982).

dr;/dt = V5 H: dp;/dt = —V; H.

1, Relativistic kinematic codes: IBUUO4, LHYV, ......
2, Nonrelativistic codes: SMF, BUU-VM, ......
=3, Covariant codes: pBUU, RBUU,RVUU, GiBUU
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4, with fluctuation: SMF, BLOB, IBL......

J p :
(E+Evr—ervp) f(r,p;t)

= CE”(T*I}; t) b 51{'.0.’,! .

5, with cluster formation: pPBUU, LBUU......

P.Danielewicz, G.F. Bertsch, Nucl.Phys.A533, 712(1991)
Rui Wang, et al., arxiv.org/pdf/2507.16613

Describe deuteron with the help of two-particle green function

iGy(x1, Xz, 1, X}, X5, 1) =(T{P (X, D062, DY (x5, )P (x], 1))

+ D =H(+f)~Hf,.

4
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B, QM

D type: solve N-body equation of motion

lrot) = o Pl

r—r;)? ip;,-r
(r—r,)*  ip ]

U(r1, o TN) = Ok, (71) Ok, (T2) - - - Oy (TN),

Two body collision: occurs between nucleons

’ —p f 3 3 < i -1
G 1 & : \ & ow i . A :t o ]:[Ji.d _)-id. ?:d ielrt P'l
(3t Bl m Vﬂ) fn(ry, -+ ,vN, P10 PNGE) pid”Qid g

i (7 TR - qn; 1)
r-:'2%'*'Vp, (Vis) =V, (H) [II(T) +IQ(T) i IB(T)] (6)
Pi=—Vr, ) (Vi) =-Vi, Q) _(H)
] : Rearrange whole nucleon-> large fluctuation
nucleon
QMD, IQM] D, EQMD, AMD, FMD,_

D, UrQMD, ImQMD, LQM:
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C. Antisymmetric molecular dynamics models

Nk B .
Vi

@) = Alp1 (1) p2(2)---on (V)] (2)

e de=if FISLHE, 10A-300A MeV
det [p; (5)] (1)

or

where
Vi = Oz, Xa; = OZ,TiSi-

Akira Ono, PTP87(1992) 1185
2 i
(x| 62.) = (=)*/*expl-v(r = )’
S NGB o i 4
N 3 . O
Ry Y Calar = L

§=1r=t
Stochastic equation of motion for the wave packet centroids Z:

d o
—Z;=1{Z;,H}pg + stochastic NN collisions

dt
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Two-Nucleon Collisions

Physical coordinates are used in two-nucleon collisions. PTP87 (1992) 1185

. A
. P o ! _ —2v(r-Ry2—(p—Py)2/2H2v
W = ;( Q?)), Zj = ViR + Gl e = S;e =P

Collision between1and2: W= (W, W2, Ws,..., Wa)= W = (W, W,, W;,...,Wy,)

Physical Coordinates

z) —= Wy

Nonlinear Transformation UG_ Py = 15pmt + Prel

Py = 1513'tc=t — Prel

Two-Nucleon

Collision _
@F‘\, U (.])L'TNN /di)

Back-Transformation

r 1 F
Pi = 3Pt T Pl

{Z'}

i F ! - l - r -~
Pauli Block P, = 3Ptot — Prgft

{Z}

' ' oo
A. Ono (Tohoku U) Short presentation about AMD Transport2014 6/10 "a‘?ﬁ&hlﬁ CNNEC



Challenges on low-intermediate energy transport models
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* Debates on the constraints of symmetry energy from transport models

B.A.Li, PRL 88, 192701 (2002) Z.G.Xiao, PRL102, 062502(2009) W.M.Guo, GCYong et al, PLB738,397(2014)
: : I : 4 i L] L] l L] L] l L] l,,' 1
! Symmetry energy extracted /
16 122 sn+'sn . i o FOPI 00 from FOPI data by different /
- E_,=400 AMeV ‘ A MDI x=1 ‘ groups - /
15} b=11m | : O MDI x=0 - &?‘3/ y
= - ¢ IQMD = ;
_‘g L T 3 | A Q E i QQ*SI‘?/ . iy
= + et
g 14f / | “E E 6L / @1‘.&3' d
g | / vi /,’ —(")91,—./' e
L il m” . ,4-,-5\5;5'0&016‘
06T T & 5 =
____:____'—__:'_‘?T_—Aﬂ _________________
0o ' ' ' Ly ™02 04 06 08 1 12 14
-2 -1 0 1 . . . . . .
stiff X parameter soft E; am(AGeY) 0 1 2 3
p/p,
— /et
n/n L =5— 144 MeV

1, Why there is strong model dependence?
Which density region is probed by pi-/pit2

4
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* Transport model evaluation project-benchmark the collision and MF
PHYSICAL REVIEW C 93, 044609 (2016)
Understanding transport simulations of heavy-ion collisions at 100A and 400A MeV:
Comparison of heavy-ion transport codes under controlled conditions
Jun Xu,'" Lie-Wen Chen,” " ManYee Betty Tsang,’** Hermann Wolter,*:? Ying-Xun Zhang,>'! Joerg Aichelin,®
Maria Colonna,” Dan Cozma,® Pawel Danielewicz,’ Zhao-Qing Feng,” Arnaud Le Fevre,'’ Theodoros Gaitanos,'!
Christoph Hartnack.® Kyungil Kim,'? Youngman Kim,'? Che-Ming Ko,'* Bao-An Li,'* Qing-Feng Li,'> Zhu-Xia Li,?
Paolo Napolitani,'® Akira Ono,!” Massimo Papa,'® Taesoo Song,' Jun Su,?® Jun-Long Tian,?! Ning Wang,?? Yong-Jia Wang,!”
Janus Weil,'” Wen-Jie Xie,” Feng-Shou Zhang,”* and Guo-Qiang Zhang'
10 | 1.0
- B-Ful
X b=7fm
1/ attempted ful T
! SRS, iy ot W B £ . g L . i P L
o f::t'-t--\§\ Z:EI'L—EJ,:U-SWWG_ ) e --A‘.‘.‘\ E%&ED-@AE_ Jﬁ%‘% % 00 ——A——t—— ... AMD g 100 i_ I i ]
— W --- pBUU o - lQDIvP | B-Cascade R ———IQMD-BNU L . n L]
o o p = e Fost 4 NN T ImQMD-CIAE {i - | . i
005 005 | ﬂ_c; S :SMBZQ{'QAP ‘i<*>< ; ' @
= B P A | B-Full: black squares | ¥
000 Lo L v 1. 0.00 —— ' g © D-Full: red triangles
0 2 4 8 8 10 12 0 2 4 6 8 10 12 10.|‘|.|‘|‘|‘1‘1.|‘|.‘|.|‘|‘|.|‘|.|.1.|.
r (fm) r (fm) e ML O0JIDDDDOL ODoQwaann
AR o5 7 S2E®22335 253252235
20 B\ S DL Toxk A=0T0p sk
X Sl w O=s >
M SN 22 & =08
F) e e o Q5 g g==
?.85 ’ 190 195 185 190 1.95 2.00 0-9.85 1.90 1.95 200 Q % g g
1) Initialization ? _ Vs (GeV) Vs (GeV)

2) Collisions and Pauli blocking

3) Flow: BUU is great than QMD,
400AMeV, 15% difference




PHYSICAL REVIEW C 97, 034625 (2018)

Progress in Particle and Nuclear Physics 125 (2022) 103962

Contents lists available at ScienceDirect

Progress in Particle and Nuclear Physics

Comparison of heavy-ion transport simulations: Collision integral in a box o SEVIER journal homepage: ww.lsevier.comocate/ppnp

Review

Ying-Xun Zhang. LET Yong-Jia Wang. 3:1 Maria Colonna,** Pawel Danielewicz,>*¥ Akira Ono,®! Manyee Betty Ts e G RERTE e
Hermann Wolter,”-* Jun Xu,®™ Lie-Wen Chen,” Dan Cozma,'” Zhao-Qing Feng,!! Subal Das Gupta 2 Natsumi T Heamiaioneallisions |

Che-Ming Ko.'"* Bao-An Li.'® Qing-Feng Li.**!! Zhu- Xm Li.! Swagata Mallik,'® Yasushi Nara,!” Tatsuhiko Oga i g ¥ T
<" |Hermann Wolter "*, Maria Colonna“, Dan Cozma °, Pawel Danielewicz *~,

Akira Ohnishi,'"” Dmytro Olmwchenko 20 Massimo Papa Hannah Petersen,”%2!-22 J un Su.”® Taesoo Song,?”2! Janu|che Ming Ko, Rohit Kumar *, Akira Ono’, ManYee Betty Tsang **, Jun Xu ",
24 25 24 1 14 Ying-Xun Zhang '®'', Elena Bratkovskaya '>'*, Zhao-Qing Feng '*,
PHY S [C AL REVIEW C 104 024603 (2021 ) Theodoros Gaitanos ', Arnaud Le Févre '?, Natsumi Ikeno '¢, Youngman Kim '7,
Swagata Mallik ‘¢, Paolo Napolitani ¥, Dmytro Oliinychenko *°,
Tatsuhiko Ogawa ', Massimo Papa?, Jun Su*?, Rui Wang %23 Yong-Jia Wang **,
Janus Weil > Feng-Shou Zhang?®*’ Guo-Qiang Zhang °, Zhen Zhang %
Joerg Aichelin , Wolfgang CassngJ Lie-Wen Chen > HUI Gan Cheng

L LLE 12132[] K Call CP DR I o RERLPY DT, R ) T T

Comparison of heavy-ion transport simulations: Mean-field dynamics in a box 1, give a benchmark on how to treat the

Maria Colonna,':” Ying-Xun Zhang,>*-" Yong-Jia Wang,** Dan Cozma,’ Pawel Danielewicz,%* Che Ming Ko,” Akira Ono,* ! attempted COHISIOH\/

Manyee Betty T@ang,6 ‘I Rui Wang,”!° Hermann Wolter,''* Jun Xu,'>"" Zhen Zhang,'® Lie-Wen Chen,'* Hui-Gan Cheng, '’ . .
Hannah Elfner,'%!7-!8 Zhao-Qing Feng,'> Myungkuk Kim,' Youngman Kim,?® Sangyong Jeon,?! Chang-Hwan Lee,? 29 treat the mean field with lattice

Bao-An Li,?* Qing-Feng Li,*?* Zhu-Xia Li,> Swagata Mallik,” Dmytro Oliinychenko,?®?” Jun Su,'* Taesoo Song,'®-2 method
PHYSICAL REVIEW C 100, 044617 (2019)

3, Pauli blocking should be improved

PHYSICAL REVIEW C 109, 044609 (2024)

Comparison of heavy-ion transport simulatior

Collision integral with pions and A resonances in
Comparing pion production in transport simulations of heavy-ion collisions

Akira Ono®,"” Jun Xu,>* " Maria Colonna,* Pawel Danielewicz,” Che Ming Ko,® Many: at 2704 MeV under controlled conditions

Hermann Wolter,® Ying-Xun Zhang,”'? Lie-Wen Chen,!' Dan Cozma,'> Hannah Elfi

) ; . § 1 1.% " - 2.t Maria 3.3 Mirces a4 P : ‘L 5.6, - 7.0
Natsumi Ikeno,”"g Bao-An Ll,lg Swagata Malhk,m Yasushi Nara,zl Tatsuhiko C Jun Xu®,"” Hermann Wolter,”" Maria Colonna,”’>* Mircea Dan Cozma,*® Pawel Danielewicz, Che Ming Ko,

Akira Ono,** ManYee Betty Tsang.>®"" Ying-Xun Zhang,”'"-"" Hui-Gan Cheng,'" Natsumi Ikeno,'>'? Rohit Kumar.’

s 24 25 13 26,27
) Dmytro Oliinychenko,™ Jun Su,™ Taesoo Song, ~ Feng-Shou Zhang, Jun Su,'* Hua Zheng,'s Zhen Zhang,'* Lie-Wen Chen,'® Zhao-Qing Feng,!! Christoph Hartnack,'” Arnaud Le Fevre,'®
' Department of Physics, Tohoku University, Sendai 980-8578, Ja, Bao-An Li." Yasushi Nara,”® Akira Ohnishi,”"** and Feng-Shou Zhang®>**
*Shanghai Advanced Research Institute, Chinese Academy of Sciences, Shangh (TMEP Collaboration)

1School of Physics Science and Engineering, Tongji University, Shanghai 200092, China
XFaculty of Physics, University of Munich, D-85748 Garching, Germany

*Shanghai Institute of Applied Physics, Chinese Academy of Sciences, Shanght
4INFN-LNS, Laboratori Nazionali del Sud, 95123 Catania, Ital




Table 1

List of transport models that participated in the TMEP code comparisons discussed in this paper. The columns give the
information on the name of the code, the main correspondents of the code, the energy range intended for the code,
the treatment of effects of relativity (see Section 2.1), and the comparisons in which the code participated. The different
comparisons are listed in the last column in the table by a numbers n, which refer to the subsections 3.n, where they are
described in detail: n = 1 for Au+Au collisions around 1 AGeV, n = 2 for Au+Au collision at 100 and 400 AMeV, n = 3 for
box-Vlasov, n = 4 for box-cascade with only nucleons, n = 5 for box-cascade with pion and A resonance production, and n
= 6 for the prediction of pion ratios for Sn+5n collisions.

BUU Type Code Correspondents Energy Range [A GeV] Relativity Comparisons
BLOB P. Napolitani, M. Colonna 0.01-0.5 non-rel 2
BUU-VM S. Mallik 0.02-1 rel 34,5
DJBUU Y. Kim, S. Jeon, M. Kim, C-H. Lee, K. Kim 0.05-2 cov 3

GiBUU ]. Weil, T. Gaitanos, K. Gallmeister, U. Mosel 0.05-40 rel/cov 1,234
IBL W . Xie, F5. Zhang 0.05-2 rel 2

IBUU J. Xu, LW. Chen, BA. Li 0.05-2 rel 2,345
LBUU(LHV) R. Wang, Z. Zhang, L-W. Chen 0.01-1.5 rel 3

pBUU P. Danielewicz 0.01-12 rel 1,2,3,45,6
PHSD E. Bratkovskaya, W. Cassing 0.1-200 relfcov 1,6

RBUU T. Gaitanos 0.05-2 cov 1:2

RVUU Z. Zhang, CM. Ko, T. Song 0.05-2 cov 1,2,3.4,5
SMASH D. Oliinychenko, H. Elfner, A. Sorensen 0.5-200 cov 3456
SMF M. Colonna, P. Napolitani 0.01-05 non-rel 234

¥ BUU Z. Zhang, CM. Ko 0.01-05 non-rel (]

QMD Type Code Corespondents Energy Range [AGeV] Relativity Comparisons
AMD A. Ono 0.01-0.3 non-rel 2
AMD+]AM M. Ikeno, A. Ono 0.01-03 non-rel+rel 6
BQMD/IQMD A. Le Févre, ]. Aichelin, C. Hartnack, R. Kumar  0.05-2 rel 1,2,6
CoMD M. Papa 0.01-0.3 non-rel 2.4
ImQMD YX. Zhang, N. Wang, ZX. Li 0.02-04 rel 234
IQMD-BNU . Su, FS. Zhang 0.05-2 rel 23456
IQMD-SINAP G.Q. Zhang 0.05-2 rel 2

JAM A. Ono, N. Ikeno, Y. Nara, A. Ohnishi 1-158 rel 45

JOMD 2.0 T. Ogawa, K. Niita, 5. Hashimoto, T. Sato 0.01-3 rel 45

LQMD(IQMD-IMP)
TuQMD/dcQMD
UrQMD

Z.Q. Feng, H.G. Cheng
D. Cozma
Y. ]. Wang, Q. F. Li, Y. X. Zhang

0.01-10
012
0.05-200

rel
rel
rel

2345
123456
12,346

4
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Identifying a problem is only the
first step; addressing it is what
drives scientific progress
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2 Refinements on QMD-like models

Initialization, Mean field, Collisions, Pauli blocking
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ImQMD model

2012-2022
ImQMD
2003 S
ImQMD Skyrme/MSL,
m
-Lattice
EDE (suggested)
NPy PRC, PL"
| @ _
2023
RufiRify)
2005 i 2009-- ImQMD23
ImQMDO05 PLB PRL TMEP -Extended
) 11 i Skyrme
S(p), MDI collaboration
Benchmark -Consistence
MEF, Collision

-Nﬁ PB
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Refinements in ImQMD

Nucleonic potential energy are derived from ‘full’ Skyrme energy
density functional

Uy = I(uloc T umd)d3r

a p- B p g " tma = Co ) j dI*pd*p fi(x, p)f;(r.p)(p —p')
i . b 0 -+ 5 (‘7[))~ i
2p0 n+1l py  2po
, 2 n+1 + Dy Z [ > pd’p f(r, p)fi(r,p)(p —p')*
Ssur,is P P , g
LR [V(pn — Pp)lz +Asym_52 + Bsym_n& ijen
0 0 Po

(jep

+00 Y [ € pdp i w0 — B

4
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* ‘Consistent’ treating the initialization and propagation.
R and BE are calculated under the same Hamiltonian

. . D Junping Yang, Yi Zhang*, et al.,
restricted density variational method (RDV) RGN sc0s (02D
12 i
b= fﬂdr — f ?"[T.rz(r)+ Tp(r)] +H$k_\' _I'"Hc:ouldr- 025t
R 1 S —f=) = ‘\/2?’[’0’26 "
= i - . 01t
pi(r) = poc[1 +exp (F0)] i = ) ST

oW S:a=0.5fm,R=7fm e WS ;a=0.5fm,R=7fm

Liu Min et al 2006 Chin. Phys. Lett. 23 804

010 T ¥ T T 0.10
— %2g, 1 pemmmemes "

0.08f - - - 100g, -
5. waner LRy

. 130 ¢
P 111 ] SRR R R N -- 130y
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* ‘Accurate’ treating the nonlinear density dependent interaction term

Deviation: ~30 %

fu(r)d3r—zz <—> +—Z <—>

4 ——se [mQMD
——s ImQMD-L
Ji —— IQMD-BNU - i
e IQMD-IMP
2 —— TuQMD
B Y B 1 R Ur?s:qnl
p p i - = gnalyiica
0 L
0 1
2
3
_4 | | | | | | |
0 5 10 15 20
z (fm)

Junping Yang, Yingxun Zhang*, et al.,
ImQMD-L  prc104, 024605 (2021)

B pY : ou o
eSO S 3, <
v .

Deviation: <5 %

4
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* ‘Extended’ Skyrme MDI, width of * Logarithm-type:

g(p —p) = 1.57In2(1 + t,(4p)?)

WE is considered into u, 4 o
I Standard Skyrme Para. &, 80 ' —
Lorentzian-type
— - —Logarithm-type
— 0.1 40 -
B S R
N o ’ N2 O] %) e
glp—p) =a0(r—r)(p—p) % 20 =" No effects frpm
o0 > | the width of WF
-40 @ Hamaetal., PRC 41(1990)2737
B Armold et al., PRC 25(1982)936
O b e L L sl « ..
0.0 04 0.8 1.2 1.6 0 200 400 600 800 1000
p(GeV) E,(MeV)
*  Lorentzian-type:
«  Ap? type . zyp c®
TR S T L -p) u
Inspired by N3LO of pseudo-Skyrme potential,
Extended Skyrme-type of MDI 120 e - o
’ ’ N ’ 21 | [./ ./. fl=+0'3 I./ / f|= 0.3 -/'/f=+03 150
glp—p)=0(r—r) 3 by(p—p) oo} T e
I=0 004} 40l [, <
< 002f = v 803
= 002 % L 3
O 0.00} . : S
. : § 002} o Pl Ty 50
Junping Yang, Xiang Chen, ... YXZ, PRC109, 054624(2024). : @ ~ oY) i) A0S
- 0.04F 80500400 600 800 200 400 600 800 0 200 400 600 800 0

(Y v g E

p(GeV)




* A new Pauli blocking occupation probability algorithms

Poiock = 1= (1 =P;) (1= P;) — éﬁ

N ‘ A)yo
1 . P (e p*i )2
F _ r 7 b
P(r;,p;) = hs E . Filrsp)- fi(r.p MZ rh}3 P 2::,?_ 252
i=1(i#i) =
MeV/c) ™ X.Chen, J.P. Yang, et al., Phys.Rev.C-Letter 109, L021604 (2024)
'(MeV/c '(MeV/c
°©c 508 —_ 400 0 1pou$ 20(:? 0 5 V0, o 2 10— TAU+AY, b=1fm
°| Box —— PB(FD) | "Sn e PBW) | |2 SLy4
il —PBW) } 1 &5 0.8l
} \| = e
; \108 8 ® O INDRA
] X > 0.6k Y FOPI 5
2~ AN 2 -  PB(W) ]
- 3 ——PBW*) () ]
| 0.0 2 0.4 ---\::----:-=-US-
| PB(W) P...=8.4% ] — 5po |
_ o i, % —
E40 A £ 5 o 1 - 2F . s
- 4 e C 1
50l 0 Saa | O onn IS 1.1-2.5 times larger
"6:020'0 o ©) o= 1fm?surf. / il %1U‘PB(W&] A . NN ° ¢ g
(0] 0o o, =2fm* surf m | (b) 5 4‘1 . *k
=t —h_ (d) than nprevious o
0 M | n L M 1 "
N A S Y % 50 100 150 200 P! S0 NN 2o ey
~F




Some refinements 1n UrQMD

e NN — NA cross sections e NA — NN cross sections
40, 200
i : |— m, IllI[IGe\
i \ 1.180 GeV
ES“.‘ : . =1.232 GeV
é : | I\ ! - mﬁ=IJﬂTGeV E::;q
2h it
Z 10! 5 =
=
99 21 23 23 20 21 22 -
2 3 4 2.0
§% (GeV) s (GeV)) S (Gev)
4A2 * e_("/g_AB)/A4
onnona(VS) = Ag + —— ; 1, Y. Cui, Y. X. Zhang, and Z. X. Li, Chin. Phys. C
('| + e (\/S /43)//‘\4)2
~ 44, 024106 (2020).
Vs < 2.21GeV 2, YY. Liu, et al. Phys.Rev.C 2021

MD| fitting with Hama’s optical :
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Y.Y. Liu, et al., NST2025

Table 4 Status of transport models for describing 15 experimental observables from the published papej}s.
observable experimental data IBUU IBL. LQMD pBUU RVUU »BUU TuQMD UrQMD-HZU jJUrQMD-CIAE
vi(p:/A) ASY-EOS[11] - = - - - - 94 4 ¥
vi(pe/A) ASY-EOSJ11] - - - - - - - 4 s
Vveh(p,/A) ASY-EOS[11] < = : 2 s 5 . e .
v (p,[A) ASY-EOS([11] : s : : 5 : : i 4
VA [k ASY-EOS|[11] - - : ’ y " £ + 4
v (pe/A) FOPI[§] = = 5 - = - _ 3. E
vil(p/A) FOPI[8] " . 5 - - _ _ i s
Vi00) FOPI[S] +58 - : : : i : + %
V500) FOPI 8 - - : : : : + ;
/vy FOPI[8] - : - - - - + + %
v FOPI +p8 - - - : ! v i i
v —vf FOPI[§ : . : - : : 4 5
-9 FOPI[§ : . : - ; : % ;
M(rm) FOPI[54] + [15,58] +[17]  +[16] +[18]  +[19,59] +[60] +[20] - +[21]
n 7 FOPI[54] + [15,58]  +[17]  +[16]  +[18] +[19,59] +[60]  +[20] - +[21]
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JayUraMDF)

17 ASY-EOS, FOPI Y EIRA L

XS FRRELYZR

9 T T T T T T T T T
0 % HIC (n/p) < HIC (isodiff) Diischleretal | 00
@ Mass (Skyrme) @ 1AS 'Huth et al. '51
A Mass (DFT) ™ q Legred et al. . o
60F ¥ PrREX-I [ ] Lvnech y { '
i " _}‘l{} E
. ) - E
L | =
30 T — extrapolation } E':..-
- vo/ve, This work
Hﬂ"- G wava ;
“ " /%, This work 4 ',-. T:hlsiw-:_:rrkl _
0.5 1.0 1.5 2.0 1 2 3
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Y.Y. Liu, et al.,

197 197 e 3
R -k i i i 0.8— - . -
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200l — == === =l MV 1 A. "
————— v | 5,=30 MeV{2.5 &t 2 125
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0.002 - = M, 0.0 (€) . i , .
0 50 100 0 50 100 15%- R 7 14 1.61.2 14 1.6
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197 197 “"Aut"Au E,  =1.23A GeV 5R=0.2 fm
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it neutrons ' Charged particle g“ 2 ASY e - — T y 7 30 ;i s . :
L @ - Vgﬂdmn I ; 6 - S,
oo = ol e
g‘q / 20 E‘ fm «MDM e MDh b=4.7-6. >
® ASY-EOS - ] R
020* L=144 MeV 7. = g
oL b v . | 7 I i
- — L=20 MeV — ® )/ z
0.0k, ——L-144 Me e M‘\—/ // S¢=34 MeV] 10 ©
o - L=20 MeV }
ol R SANERUAN (@) { e (b)
c i(d . . : : .
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3, Effective mass splitting and SRC
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K-effective mass
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Zhang Y X et al., Phys. Lett. B 732 (2014) 186

S(p) (MeV)
Y(n)/¥(p)

2.0 0.5 10 O 50 100 160 200

Vi
Usym (p,p) = 2—5

 Same symmetry energy, but different symmetry potential!
Thus, different n/p ratios
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* Effective mass splitting

¥
T i .
ﬂl.l'n.:,'L1|J a2 (= )" 4rnd

av,

bl Lt

m ot
P. Moreforce, C.Tsang, Y. Zhang, et al., PLB799(2019)135045 C.Y. Tsang, et al., PLB853, 138661(2024).
L '1143‘ '1258' L LN P o J P B T & 108 3V b) 33 74 1.2
n+ n 5k E —_ — = -
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Ec.rn. (Mev) E:.m. (Mev) Ec.m. (MeV) || 0.20
Sois
Table 2 iR
Mean & and sigma o value of the posterior distribution for Sg, L and f7. 0
Only DRy/p Only SRn/p DRy/p and SRyyp e)
%a =299 =287 u=288 5 oo N
a=2.5 o=2.8 oc=19 = B0 \‘1
i ll
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- o=129 o =137 51006 L
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Tension on the constraints of neutron-proton effective mass splitting

1) Microscopic model: MBPT, SCGF, BHF, EBHF, HVH, RBHF, (m;, > m)
2) Optical potential (m;, > my)

3) RBHF (mj > m, and mj; < m,, depends on the energy)

4) HICs (mj, < m,, with larger uncertianty) at???

Compiled by Junping Yang

0.8
I Microscopic Models OPM,IVGDR,ISGDR,a. HICs
0.6}
- i (9] IVGDR, IVGDR,
| MERE sHF® M | 1SGDR ol ISGDR u
- L] ] D
g5 OAT ‘;F SCGF? RBHF® e
:Hg- I o EBHF® AFuli-Dirac-space) : m;b-m;
£ 02¢ o ©% o OFpE™ DRI DRI !
< BHE® RBHF® Q R,,DR A o
— rojecti IVGDR m=<m_m<m .
DOk~ 2is oo momeme Prectiony  _ _ L Lo e AN ] Ll Simgr e Sl O Bl e
I © (2] | i _
L Q RHFm ISGDR:&D [14] { : : RH[19]' 1
I RMEY IVGDR, o B 1 M
'0'2_— 1 Vv,V VarXZ :] : m;<m;: ‘
(a I i
0al@ (b) © Y y

 We need further understanding the effective mass splitting constraints in

E HICs, based on a refined transport models
|




A fresh look at the energy spectral of R(n/p)

Junping Yang, Xiang Chen, Ying Cui, Yangyang Liu, (1)
Zhuxia Li, Yingxun Zhang, PRC109, 054624(2024). - - Y(n)  exp ( Ly — P?p) — (gvﬂsyﬁ )
20 . 120MeViu YY) £ o
[ L=46MeV '
; m* aV,
Am: ~ — (T )2gme ey
150 Sy . ( m ) dp* (2)
i 2(V0, + Setp? + )0
1.0 — R, /p X €Xp T a)
g 124 124 ] -
D:CO_S [ :S:I‘H:' :S:n : g o o5 | L 2Va03y6 (%)QAnlgp E;
[ =100MeV | SR | T |FP T T 4
15}
' dlnR n/ A m
: _ IR o) * '
10} Sn/p = OE /A 7 (e )" Ay Bl = AR/A

5124Sn+1248n
o 50
EK/A(IVIeV)

0.5 v S

n/p 18 directly related to the A
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Cotrrelation coefficients between Sn/p and NMPs, in ImQMD model

JP Yang, MQSun, Y Cui, ZX Li, K Zhao, Yingxun Zhang, arXiv:2506.17973.

'*Sn+">'Sn; 45 MeV<AE <60 MeV -

] Understanding Sn/p from

0.5%

of @ o, transport model
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| Sn/p is strongly correlated
105%" : )

| | wit h effective mass
f,, . () splittin
S, L m, f > B 9
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- L Ll r:‘rp Inllrpl L
__ 001} 1 1
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00 53535 36 20 20 60 89 100720
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Constraints on effective mass splitting

”?Sn+”25n 12“5n+”“8n 45 Me‘u’iﬁE {60 Me‘u’

110 LN PR T I I Ll T L] I
[ % "6 I e ow Rk ]
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' | el e S i S 14 T (S)1
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Junping Yang, MQSun, Y Cui, ZX Li, K Zhao, Yingxun Zhang,
Phys.Rev.C 112, 044604(2025)
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Possible reasons ?
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Non-monotonic momentum dependent symmetry potential

Meiqi Sun, Dandan Niu, Junping Yang, Ying Cui, Zhuxia Li,
Qiang Zhao , Kai Zhao and Yingxun Zhang, Phys.Rev.C 111,

064607 (2025)
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Short-Range correlation

¢ short-range
correlations

NoeLeEolN Mo ME T M-

J. M. Cavedon et al. Phys. Rev. Lett. (1982), L. Lapikas, Nucl. Phys. A. 553, 297 (1993); J. —
Kelly, Adv. Nucl. Phys. 23, 75 (1996); R. Subedi et al. Science, 320 , 1476 (2008) R
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Description SRC in initial state

(P(r'|, ol rA) = F(r'|, Jaa rA)(Po(r], Joi rA)

Exact WF
Mean field WF

p“)(r]) ="A I |l[)(|"|, ees] rA)|2d3r2°"d3rA

Al

p P (rq,ry) = TP(” (r)p M (r) [1 = C(rq, 15)]
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Luqgi Li, Yingxun Zhang, in preparation

.20 —r——r 2
Step(1 fm)

—-—- Gaussian <|‘ \ 10

Step(1 fm)
—-—-(Gaussian




Lugi Li, Yingxun Zhang, in preparation

10 A — ;
E . =30 MeV/u —— Step(1 fm) :
Gaussian 1
____-H%‘**h_ e
10° S nars
10~
Neutron Proton
8=70°-110° 6=70°-110°
10* - ' - '
0 30 30
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4 Outlook
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1. Enhance the reliability of transport models
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2 . Including correlation 1n transport equation and models

f(1,2,t) =qg(1,2)f(1)f(2) g(1,2) is two-body correlative function

§)
-.'-}f,{xl)_kﬂ_af](x,)_vy‘ f1(l|)_ T

oy d d I'd ] ( V ’ J} 2
ar e B " o ﬁ(zn_)gf p2dpidp: | (pip2 | Viz [ PIP2/ |

XA [T —f1(x)][1—f1(x2)]

—fixDAEIT=L1ED] = f1(x2) ]}8(p1+p2— pi—Pp2) -

3f1111}+£1_‘3f|(1|}+ A=) J'dk{e[ﬁkfz]l-afap,_-e-—{ﬁk,"Z}*a;’ap'}
9t m  9q; ap; (2m)*%
PI P V1a(k)
X [dpd |k |——— —
[ dp: m || 1+ /mVuv |2
XA DT () —fT (x)f 1 (x2)] .

~ Bo-jun Yang, et al., PRC36, 1987
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Collaborators:

* Meiqi Sun, Junping Yang, Xiang Chen, Ying Cui,
Yangyang Liu, L1 L1, Ka1 Zhao, Zhuxia L1, (CIAE)

* Yongjia Wang, Qingfeng L1 (HZU)

 TMEP collaborations

* Jun Xu, Zhaoqing Feng

Thanks for your attention!
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BRSNS I

Pressure (P)

SRS FTE

Increasing Temp

Volume (V)

30

20

10

E/A (MeV)

-20

—=— Soft (B=0, K=200 MeV) ;j
1= asy-soft, =1/3 (Colonna)
== asy-stiff, p=1/3 (PAL)

B=(p,-p )P P) )/

E(p,9)

0.1 0.2 0.3 04 0.5

p (fm™)
= E.ﬂ{_j.!.fj =0)+ E.ﬁ].lﬂ'l

= E(p,d = 0) + S(p)é* +




R AR RS T 72

Pressure (MeV/fm3)

E/A(p,0) = E/A(p,0) + 0*S(p) ; 0= (pa- pp) (Pt pp) = (N-Z)/A

P (MeV/fm®)

S(p): density dependence of
symmetry energy

Danielewicz, Lacey, ynch, Science 298,1592 (2002) Symmetry energy: Esym=S(p)d?
77 T 7 T
15 Skyrme interaction parameter sets
of :
100 | o :
% 40 |- 7
2 | '
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— avi4uvll 5 f .
‘tﬂ : - MS L= LJ_— ) -E 2 20 L i
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e Neutron star

A NEUTRON STAR: SURFACE and INTERIOR
’ “Swiss “Spaghetti’

ENVELOPE

CRUST
OQUTER CORE
INNER CORE

* Mass-Radius relationship, tilde deformability,
« EOSat T=0 MeV!

e Mass=7?

e Radius=7?

MeV /tfm?)

s
\

Logyg P

Tolman-Oppenheimer-Volkov equations

A

dp G (mc? + 4npr?)(z + p)
dr - c*  r(r—2Gm/c?)
dm €
? = 4n FF
' 2.5
. e " maximum mass
p(e) — 7 /Z;\«
2 / 1 B 15¢ kll\'\ < ]
[ = _ | small range of |
3 I = 10} "Q |
3 pa—— M(R)
| . . 5 0.0L .
5 10 15 20 0 0 20
e/e, R (km)
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EOS is not a direct input for the transport models

D type model: Vlasov
amiltonian
= (PIZTi+ 3 vij|®) s
<J - op;
OH
¢ Effecti i
| cetve ' Collisions
%? interaction v;;
do
ONN' 4q
- s " n 5 — dv : PaUIi
Vi = Z <’J|Vij||J —ji) = Vpg S op; blocking
! oV
Pi =— d_r,
Single particle potential:
BUU type




* Heavy ion collisions
YYLiu, YJWang, YCui, ZXLi, QFLi, YXZhang., PRC103, 014616(2021)
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* Pi-/p1+, n/p ratios, 1sospin diffusion, v_2n/v2 p, .... sensitive to the
stiffness of symmetry energy
« EOSatT # 0 MeV
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PHYSICAL REVIEW C 85, 024305 (2012)

Single-nucleon potential decomposition of the nuclear symmetry energy

Rong Chen,! Bao-Jun Cai,! Lie-Wen Chen,"*" Bao-An Li,? Xiao-Hua Li,"* and Chang Xu’
' Department of Physics, Shanghai Jiao Tong University, Shanghai 200240, China

*Center of 10000, China

3Departme. 80 —D1 ;'H | TF ’."I | TOHET I 9-3011, USA
4School o= D 4 T T P 1 91, China
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Some refinements in UrQMD

2, YY. Liu, et al. NST2025 ]| [ - . T 10
: a
100 ———— — = fe ) R=8.56 :
* Amo : '
- [ ETHE Sel T 1
> ® Hama
= 30 —s o — 200
50 ! —— UrQMD : : ‘ - -m =1.100 GeV ‘
*»-...; ® DATA | -. b= ey, =1.180 GeV |
2 L - - +m, =1.232 GeV a
> P = my=1387Gev | )
| ! 3
O = it _Vﬂrnﬂld . E. :I; é
mid AT _—
Hama g_
1l1'ﬂrtm:l ~
_5{' 5 i 2 i 2 A .
0 300 600 900 5 3 42.0
E,.(MeV) s'? (GeV)
- —1 = N 1,Y.Cu Y. X. Zhang, and Z. X. Li, Chin. Phys C -
EHFRBUrQMDARMFIEFEXE 44, 024106 (2020). —

2, YY. Liu, et al. Phys.Rev.20
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* Skryme energy density functional is used, and all the parameters are
as same as we used in the nuclear structure studies

E. Chabanat, et al., Nucl. Phys. A 627, 710-746 (1997)

Ifr(i:l._ Tg) = to(1 + IDPU)(S(?T)
I . N 1
+§t1(1+;1:1PJ)[P20( r) + 6(F) P?] s SU T S
+ito(1 +;1f2Pg)P’2 : 5(?}}32 P = %(Vl —Va), P’ cc of P acting on the left
i

%(1 +23F,)[p(R)]"4(F)

Y. Zhang, M. Tsang, Z. Li et al.,. Phys. Lett. B 732, 186—190 (2014)

n+1 i )
Uloe = = p 3 B¢ ks & By (Vp)? Umd = Co Z/ddpddp’fi(raP)fj(r,p')(p =P
2p0  n+1 p 2p0
Gsur.iso >
L= [V(pn — pp)] +Dg Y / d’pd’p' fi(x, p) f;(r,p") (P — P')?
; p?']-i-l 1JEN
+Asymp 0” + Boym —— P 6%, + Do Z /dBPddplfz(r p)fi(r,p’)(p—p')° L

1JEP

R ERFER ZHRR I:Né:




ERTHERMERAET KETENERER. NTRESFS
MR ERER BRI, XRMBERERNHER < Ouy(t) >

ERERERT

Ow(t) = Ulto, )01 (t)U(t, to)
G.J. Mao, RELATIVISTIC
MICROSCOPIC QUANTUM
TRANSPORT EQUATION,

L c -
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* Discrepancy on the constraints of symmetry

Huth, et al., Nature606, 276(2022)

b HIC experiments
Multi-messenger astrophysics i
i 102 --— Prior
102 — Prior o;’g E — HIC
PR S | —HCdata
b m =
a 5% e
3 2 o1} s/ S
S 10'E a - =
Q E o ~
s
0 e 0 _'-
a!i 109k & 10 ¥ 4
¢ | | | | | 1 /1 | | | | | | | | | | | 11 | | 1 J
05 18 15 20 25 30 05 10 15 20 25 30
Number density n (n_,) Number density n (n_,,)

Density dependence of the symmetry energy also depends on the effective mass

A2 [3r2p\ >
$(0) = g (52) + Aamt

()

n 5/3
4+ Byen (ﬁ) + Cgml(m;, 1) (ﬁ) :
Po
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Boltzmann F1&

dt
| Vl’z}f

. S

= {H,, fy}
={(V,,V(rv,r2)) -V, + (V. V(rqy,rp)) -V, Y. Vi, ——
2(r1,p1;ra, pa,t) =0

P P2
m

CNERN .%ﬁ?ﬁ\'ﬂﬂbﬂﬂgﬁﬁﬁﬁfﬁﬁﬂSZ?I‘quu 2.

Y)IE_

HAER{H,
° %%EJ

CINUN B —IRE—AEE AR, AT KeNH

RABEAN—BEE R B E

%: Uehling-Uehlenbeck K-f (Phys.Rev.43.552)
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Rk fo(rq, p1; 12, P2, t) = f(rq, py, 1)f(ra, pa, t)

BRI TR, E—E(rp)i, B—DELE(rp) AR LEFTE]7
Al 7E (rupq) # (ryp,) A TR A9 TRFR

of ;

_
(?)col! = TI ; (V.V(r,rg)) - Vpfo(r,p;ra,pz)...d°E,

I

of s
(5 con == [V, ®(r, 01 [Vpf 1 (1, p, 1))

_ N

- ¢(r,t) =VIV(r,r2)f1(r2,p2, t)dr,dp,
Vlasov FFE
o, o _

—fi(rnpt) +—-V.f:(r,p, t) + V[d(r) + (r)] -V, f(r,p,t) =0
HEEFERN SRR cne




& R EYBBGKY4E 552

, N—2 2 6
F = {Hz, fz} i V J','=z1 (Vr,-v(rirrB)) . VPif3 ...d 63

2

Hy, = 21 [ﬁ‘“ﬁ(f )]+ Vi,

BRE=RAEAEE f3 =0

- RixiiiEEEN (AT « ZXuEE R, BIaiE AR AL,
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PHYSICAL REVIEW C VOLUME 36, NUMBER 2 AUGUST 1987

Kinetic equation of nuclear gas

Bo-jun Yang and Shu-guang Yao
Department of Technical Physics and Radioelectronics, Peking University, Beijing, China
(Received 27 January 1987)

The kinetic equation on nuclear gas is derived by means of the Bogoliubov approach. It is an im-

proved Boltzmann-Uehling-Uhlenbeck equation including correctional binary collisions with many-
body effects.

Bogoliubov{iRi% : £ F<ELRT[E] (correlation time) Zf5, &
Gk TS XBEENR S . REMSEA T R BT RS
KT ek E Y SR FR T (AR 7~ .

f(1,2,t) = f(1)f(2),

t>T

4
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3. Quantum Relativistic
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165 410 HEWME S K By vol. 16, No. 4 PHYSICAL REVIEW C VOLUME 44, NUMBER 2 AUGUST 1991
1992 4 4 B HIGH ENERGY PHYSICS AND NUCLEAR PHYSICS Apr., 1992

Transition from binary processes to multifragmentation in quantum molecular dynamics
for intermediate energy heavy ion collisions

Li Zhuxia,* C. Hartnack, H. Stocker, and W. Greiner

*E %iﬁ Boltzmann—Uehling-—Uhlenbeck ﬁ*_% Iustitut fiir Theoretische Physik der J. W. Goethe, Universitdt Frankfurt, Frankfurt, Germany

(Received 19 July 1990)

;% E [id % f' ﬁ We study the transition from fusion-fission phenomena at about 20 MeV/nucleon multifragmentation

(A YEA, K 300071) at 100200 MeV/nucleon in the reaction '*O+*Br employing the quantum molecular dynamics model.

X The time evolution of the density and mass distribution, the charged-particle multiplicity, and spectra as

?—ﬁ;@}* $ﬁ§ ‘ﬂ‘% well as angular distributions of light particles are investigated. The results exhibit the transition of the

(R EE TREAFEPE, LT 102413) disassembly mechanism, but no sharp change is found. The results are in good agreement with recently
measured 47 data.

I AFermionfYi7 E T HE SRR 21
iGp(1,2) = (Tr(1)Tr(2))] WAHFermionfZER, 1, 2R T mx1,x2

iGr(1,2)
Gz (1,2) 16G"(1,2) iGE1(1,2)
G (1,2) iGE*(1,2) iGE(1,2)

(T r(1)V#(2)),
(T (1)Vr(2)),
(Uy (1)Vh(2)),

iGr*(1,2) = —(¥u(2)¥u(1)),

iGp(1,2) =
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Single-particle Green function
iG(1,2)05, = (Tleap(—i [ de Hy (2))or (D)8 (2)]),

iG(1,2) = -gG“(1?2)+/ d;rgf dr,G0(1,4)5(4, 3)iG(3,2),

 Relativistic Microscopic
Quantum Transport

\ 2 Equation
3! 5 IR g
[ +
[
4

(Ou(t)) = (Ulto,)Or(H)U(t, to))

= (T° [exp( f dt' Hy(t ﬂ [e:rp (—?'-ft: dt’HI(t"))b

| 1 1 =: T [B.Tp (—' . dt' Hy(t )) O;(t)])

to
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Introducing a differential operator

Pe=
Gop =i - 0 — My (3.17)

and operating it on the both sides of Eq. (3.5), with the help of the Dirac equation one

has
A—1
Oy $G[1,2) = -.::5(1,2)+j dzg)(1,3)iG(3,2), (3.18)
54y — 0
sl = | @) AR 1,2
[i"}“al — My —ZH(l)]?G__I_(l,Q)
t.f
— [ dzs[ReZz(1,3)]iGH( +/ drs¥ 7t (1, 3)i[ReGH (3, 2)]
to
i1
+ [ dnalShn(1,3) = Spi(1, NG (3,2
to
t2

diadmd (1, S)EG(8, 2 -6, D). (3.20) E

to _ B N



X1+X2

X = Y = X7 — Xo, STGiiiWignerZEit [eYdy .

— 2% Zr(X, P)OX}G (X, P) = Fo(X, P)

Canonical variable X,P to kinetic variable x,p

{08 — Zyp(x,p)d) — &Eyp(x, p)Oylp,
. t)
-+ m 3 [U:f}:.?fp(.f'. !J){}; m— )y\._.«?ff, f [J ] }f(x p
— ('N(.t‘, p]. RBUUﬁ%E

| 7rm

E?

p'(x,p) = P* —EHF{JJ p);

ZF (pU o E"‘(p))f(x, P, f)?

UG (@, p)] =

m*(z,p) = My + X3 5(z,p). FEFRFENZHRRE eNnne




More general

G=(1,2):=G"" = i@(1) y(2))
GZ(1,2): =G" = i(p(1) §(2))

-

Wigner transf

| =
Wigner transf

A(x,p) o

21 (x, p)

(p*? — m+%) + [(x, p)

>

iA(r,p)F(x,p)
iA(r,p) (1= F(x,p))

A(r,p) spectral function

o« O(p** — m+%) O(px°)

“off-shell transport* (particles with widths) (Buss et al., Phys.

Rep. 512, 1 (2012)
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