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1. Introduction of nuclear EOS
and transport approaches



Equation of State (EOS) of nuclear matter

Asymmetric nuclear matter
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Symmetry energy
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Mean-field potential

Isospin-dependent BUU equation
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Effective/phenomenological nuclear interaction
An improved momentum-dependent interaction (ImMDI)

Effective two-body force
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Nucleon effective mass

Electron effective mass:
dispersion relation different from free electrons near the energy gap

2 ik
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Nucleon effective mass: ‘ x ) £
(a) b
in-medium interaction lowers the nucleon mass
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Dirac mass: m Dirac.e =M + ZT ZT. scalar self-energy

Skyrme-Hartree-Fock: non-relativistic, momentum-dependent potential
Relativistic mean-field: relativistic, meson exchange

Comparison between non-relativistic mass with relativistic mass
Lorentz effective mass:
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M. Jaminon and C. Mahaux, PRC (1989); B.A. Li, L.W. Chen, and C.M. Ko, Phys. Rep. (2008);
Z.X. Li, Nucl. Phys. Rev. (2014); B.A. Li, B.J. Cai, L.W. Chen, and J. Xu, Prog. Part. Nucl. Phys. (2018)



Hugenholtz—Van Hove theorem
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BUU transport approach

Boltzmann-Uehling-Uhlenbeck equation:

s, D - oL
— + =V, = VU -V, | f(7,p:t) = Loulf;o12]
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quantum statistics

Derivation: real-time Green’s function formulism; von-Neumann equation
with density matrix; higher-order cutoff from TDHF; ...

test-particle (TP) method: parallel events
C.Y. Wong, PRC 25, 1460 (1982); G.F. Bertsch and S. Das Gupta, Phys. Rep. 160, 189 (1988).

Point particle or finite size (triangular, Gaussian)

1 NrpA
fEF) = 55— D 9(F = Ti(6)3(F - pi(t)
} i=1

Equations of motion from pseudoparticle method:

d7;/dt =V H;  dp;/dt = —V H.



QMD transport approach

single-particle wave function:

Gi(Fy1) =

(F—TF(0)*  ipit)-F
QrL)3 eXp[_ i T h ]

Many-body wave function O (7 ¢) = II; O(F' . 7i,Pi;t)  Except AMD and FMD
Wigner function (phase-space distribution):
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Hartree calculation
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Ch. Hartnack et al., PRC 495, 303 (1989); J. Aichelin, Phys. Rep. 202, 233 (1988).



NN scattering cross section

iy

In free Space: 1':"'}0 IF 1 | [ | I | 1 | I :
%O% O n-p E
oflee = —70.67 — 18.1887" + 25.2687% + 113.858 (mb), ® p-p :
o = 13.73 — 15.0487"' + 8.7687% + 68.67" (mb), n -
— »
B=v/c E, 100 — ° —
© - - 00 -
n . g N
In-medium cross section [ %e, . © e @G@M:
is uncertain, with various - °%% wmud -
arameterizations/approximations. , , Dl oyl
p pp 10
10 100 1000
E\op (MeV)
In symmetric nuclear matter:
| 1.0 + 0.0034E>! p? |
d _ : 0.53,2.9 lab . P
opy ™ = [31.5 + 0.092abs(20.2 — E)3*)**| - 0T 55;1‘34 (mb), or o= (1 + aﬁ) o
- : 1.05 _3
Jmedlum — [23_5 + 0.0256(18.2 _ El[;g)ﬂ . 1.0 + D. IGGTE]ah 2 (ll‘lb). e _0.2

1.0+ 9.704p12



Effective mass scaling of NN cross section

The cross section for the scattering of two nucleons in
vacuum, from momentum states k; and k, to states k,

and k, is given by
do _ L* 2w,
a0 v & NP0 2D
where L’ is the normalization volume, v, the relative
velocity,
1 delk,p) _#hk , 1 d fik
— 7k — — =—+——Ul(k,p)=
Urel ﬁlkl kl‘/m ’ i dk’ m #i dk { p) m'[k,p}
and the density of final states m *[\/Mk% +k3 0]
D,=L’m|k;—k,| /327 . D;=D, —
the present context. Using ¢’ =t we obtain g o N )
do' Ve Df g Riediom = Oy /ONN = (Win/Han)’
o _ Yrel f o
= (2.8)
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_ k,—k,| ‘ ki, Kk ‘ o Wn=m’jm’,/(m"+m")
* *
m m*(ky,p)  m*(k;p) Pandharipande and Peiper,

MV (k5 Tk /2] do (2.9)
m d ()




Initialization

Woods-Saxon distribution

Skyrme-Hartree-Fock or Thomas-Fermu

calculation

Frictional cooling

Binding energy and charge radius
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Mean-field calculation

p(t+Ar) = p(t)=VU[f (7, p;?)]

AN |La ticg sities
Lattice Hamiltonian: p; (7y) =—Z S(ry —17) festpartitles |
ievy - =r
- - .| T
S(Ta o ri) = N (nl)® g(x)g(y)g(z) < ;
!
:

g(q) = (nl-|q])©(nl-|q]) T TEFF=F-

R.J. Lenk and V. R. Pandharipande, PRC 39, 2242 (1989)

BUU: Size and shape of the test particle (point, Gaussian, triangular)
QMD: width of the Gaussian wave packet



Nucleon-nucleon collisions

* Bertsch’s approach (Phys. Rep. 160, 189 (1988))
— Go into the C.M. frame of the two nucleons 0t = a At
— Collision can happen if a1l

Ar-p
b=V@an'-@rplp) < Jo/z 2and

D D
4| (vm ' m)ﬁz
— If collision happen, change the direction of P_ in the C.M.
frame

— Boost the momenta of the two nucleons to lab frame

— Check phase space density; if Pauli blocked, return to the
initial momenta

() StOChaStic methOd M¢||er VEIOCity Vol = \/[S — (my +m)?[s — (m — mo)’]

2E\E,
Collision probability proportional to zzmga(AAng



Distance condition

Time condition

Collision order

BUU tvpe
BUU-VM
GiBUU
IBUU
pBUU
RVUU
SMASH
SMF

OMD type
CoMD
ImQMD
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[QMD-IMP
JAM

JQMD
TuQMD
UrQMD

Basic cascade
Rel. (6t = aAt)
Rel. (8t = At)

Quasirelativistic
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(ref)
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Fixed order
Fixed order
Fixed order
Randomly nominate (i, j) pairs
Fixed order
Ordered by ™
Cyclic with random starting for ¢

Cyclic with random starting for ¢
Fixed order
Fixed order
Fixed order
Ordered by 7.0
Fixed order
Randomly ordered
Ordered by oD

coll

Fixed order
Fixed order
Fixed order

Y.X. Zhang et al.,

PRC 97, 034625 (2018)



BUU:

QMD:

How is Pauli blocking realized?

Update the occupation probability »; at each time

step (n; 1s calculated differently for each code, and
can be different for BUU and QMD)

counting local phase-space cell fit with a superposition of two FD distributions

o h 3 g } ) ’ "
n; = (277) / f(r, ﬁ)d‘j-rd'gp n;(p) = : A + : A
gNVY,,V;_, iev,.V, exp[(v/m2 +p? —p)/)/T+1  exp[(v/m?+p"? —p)/T" +1
overlap of wavepackets hard sphere overlap
3 _ 2 o7 (m =27 ( ) (P)
n; = 2 h lf 3 Z exp l— J 5 ) _ 2L(])]f2 pl) ' o Z ()
gN )° = 2L ! . _lu AT 34r ST (Ap)

N

When a collision 1s attempted, check the Pauli
blocking probability /-(1-n;)(1-n)

Additional constraint if any (phase-space constraint,
surface correction, ...)




TABLE III: Pauli-blocking treatment used in various codes in homework calculations.

. - . . o a Additional
Code name Occupation probability f; Blocking probability .
constraints
AMD antisymmetrized Wa,vcpa,ckct.hb physical wavepacket® no
IQMD-BNU fiin B* 1—(1—f)(1=f) ves©
IQMD fiin b 1-(1— f)(1—f) ves
CoMD fi in B° 11 Fi < fmex = 105 — L1 |yes®
ImQMD-CIAE |f, in 1® 1—(1—f)(1= 1) no
f; in phase-space cell with
IQMD-IMP : 1—(1—=f)(1=f; no
Q dx = 3.367 fm, dp = 89.3 MeV /c (1= £l 1)
- I G Y R R AL
IQMD-SINAP | fi = Y ¢ PO BBl g o
Ny
fi in spherical phase-space cell with
TuQMD 1T— (1= fi)(1— 1) res?
dr = 3.0 fm, dp = 240 MeV /< ( ) ’ yes
- IR IO ) R I v )
UrQMD i :;(, Fu—7) % /[2(8w)%]  —(k—pi)”-2(Ax)? /R 1= (1= f)(1 - f;) ves
BLOB . fiin t\'phorCA \T\’it].l radius 3.5 fm Clima-ma-gy) ves/
with Gaussian weight in momentum space’
GIBUU-RMF fi in phase-space cell with 1= (1= f)(1—f,) o
dr = 1.4 fim, dp = 68 MeV/c
fi in phase-space cell with
GIBUU-Skyrme 1—(1— f)(1l— f no
Y dr = 1.4 fi, dp = 68 MeV /c (1= 5 1)
IBL fi in B® 1= (L= f)(L—f;) ves”
fi in phase-space cell with
IBUU 1— (1= f (1= f; no
dr = 2.73 fm, dp = 187 MeV /c (1= 5 1)
pBUU fi in same and neighboring spatial cell’ 1—(1— f)(1—f5) no
RBUU fi in phase-space (:Tc‘ll with L= (1= )1 = ;) o
dr = 1.4 fim, dp = 64 MeV/c
fi in phase-space cell with
RVUU : r/.m 17(17}!‘1)(17}?.:"] noe
dr = 1.14 fi, dp = 331 MeV/c
SMF fi in sphere with radius 2.53 fm 1= (1= f)(1—f;) o

with Gaussian weight in momentum space”

“Qccupation probability f; is replaced by min[f;, 1] if f; is larger than 1.

See Ref. [27] for details.

“Phase-space constraint, see Ref. [28] for details.
Tsospin average, see Ref. [29] for details.
“Phase-space constraint, see Ref. [41] for details.

fIn TuQMD the Pauli Blocking is implemented by computing the wave function overlap using the method described in Ref. [30].

95urface modification, see Ref. [42] for details.

3
"Phase-space constraint: %]‘zk%p?k > (%) /4.

'"Width of the Gaussian from definition of test-particle agglomerates, see Ref. [19] for details.

TWavepacket modulation (shape, widths) to ensure strict Pauli blocking.

EFermi constraint, see Ref. [21] for details.
ISee Ref. [23] for details.

"QObtained using de = [3/(47pg)]L/? and dp = [672pa/(2s + 1)]1/3, see Ref. [25] for details.

“The width of the Gaussian is 29 MeV /c.

J Xuetal.,
PRC 93, 044609 (2016)



TABLE V. Pauli-blocking treatments used by different codes in the box calculation comparison.

Code name Occupation probability f; Blocking probability® Additional constraints
BUU-VM In sphere,” R, = 2.76 fm, R, =59.04 MeV /c I — (1= - f No
GiBUU In cube,” Ax = 1.4 fm, Ap = 68 MeV /c I — (1= fd— 1) No
IBUU In cube,” Ax =2.0fm, Ap = 100 MeV/c ¢ 1 —(1— f)d— f) No
pBUU In same and adjacent spatial cells 1 —(1—f)d—fp No
RVUU In cube,” Ax =2 fm, Ap = 100 MeV /¢ I — (1= - f) No
SMASH In sphere.” R, = 2.2 fm, R, =80MeV/c* I — (1 — = f) No
SMF In sphere,” R, = 2.53 fm, R, =29 MeV/c* 1 —(1— fi)d— f) No
CoMD Overlap of hard spheres® 11, fjf < fiax = 1.08 No
ImQMD Overlap of wave packets,” (Ax)* = 2 fm? 1 —(1— fi)d— f) No
IQMD-BNU Overlap of wave packets," (Ax)* =2 fm? 1 —(1—fad—f) No
IQMD-IMP Overlap of hard spheres,' R, = 3.367 fm, R,=1125MeV/c 1 —(1— -1 No
JAM Overlap of wave packets," (Ax)*> = 2 fm* I — (1= f) =1 No
JQMD Overlap of wave packets,” (Ax)?> = 2 fm? I — (= fol—f) No
TuQMD Overlap of hard spheres,* R, = 3.0 fm, R, = 240 MeV/c 1 —(1— fi)d— f) Yes
UrQMD Overlap of wave packets,” (Ax)* =2 fm’ 1 —(1—f)d—fp Yes!

*Occupation probability f; replaced by 1 if f; > 1.

®Occupation in spherical or cubic phase space cell with given dimensions.
‘Interpolation among neighboring phase-space cells.

dSee Ref. [20] for details.

“With weighting in coordinate space; see Ref. [22].

'Gaussian weight in momentum space.

£See explanation of hard sphere overlap in the text below Eq. (14).
"Overlap of wave packets, Eq. (14), with given width (Ax)?.

L = % D ker(hati) 0 07 see explanation of hard sphere overlap in the text below Eq. (14).

V! 1s the occupation of the final cell, including the scattered particle; see Ref. [25] for details.

= ZA,ET(A,#,.)(O;:)/%JT R O;,{_))/%JTR?)) with a surface correction is applied; see Refs. [41,42] for details.

4 3 4w

'Phase-space constraint: 273 2 p3 > (4)%/4.

Y.X. Zhang et al., PRC 97, 034625 (2018)



Implementation of Coulomb force

* Important for 1sovector observables
* Retarded electromagnetic field

BUU: point particle with cut-off lattice Hamiltonian framework
— A 7 62 }:; j . d ecou
cou A cou __ 137 v
Fi N, Z Zi rs. b7 =102 Z OF,
(). = T
Poisson equation approach en Loy PLTDPL ) 3 51301 (Fa) v
|7 — T 4 T |

._ o (Za)
V2¢(F) = —4mep®(7)

QMD: treat Coulomb interaction as an effective interaction

Z?j Zj 82

7= 7]

T e? exp(—r?, /4L) 1 T 7
—Z; —elf 2 ) —— 7 7. i _ erf( ij ) )
{ 2 = ( | ] 2 { rij VL o \WALJ | i

J(F#1)

Vcou

cou
Frov = -




2. Representative studies on constraining EOS
with HICs
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Probes of symmetric NM EOS: collective flows
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Probes of symmetric NM EOS: collective flows
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Probes of Esym at subsaturation densities: n/p
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Probes of Esym at subsaturation densities: t/’He

PAr+”Ni@E/A=95 MeV, 60°<@__<120°

(o) déta (b=l4-5 fm') O data (b=6-7 fm) v T v T J T Y T ! T
—— IBUU+Coalescence —— |BUU+Coalescence 52 48 - i
L | + = A =

(b=4.5 fm) - (b=6.5 fm) et Ca+ Ca, E=80 MeV, b=0 fm 1

| =05
O vy=2.0

2.25 -

2.00 4

Y(t)Y(*He)

i (b) Triton
'7 4 4 4 n 2 n i +
10 ' ' 1.75 1

1 -50 L I L] I L] ' L ' L] l L]
0 20 40 60 80 100 120

E, (MeV)

i (c) *He
0 50 100 150 200 250 O 50 100 150 200 250 300

B (MV) L. W. Chen, C. M. Ko,
L. W. Chen, C. M. Ko, and B. A. Li, PRC 68, 017601 (2003)
and B. A. Li, NPA 729, 809 (2003) ) )
P-4+ A

2 2 2\ 1.2
pt%He)(p,k,kp,ki)ZS exp| — 7> exp(—(kp+kh)b)




Probes of Esym at subsaturation densities:
collective ﬂows
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Probes of Esym at subsaturation
densities: isoscaling of produced isotopes
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Probes of Esym at subsaturation
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Probes of Esym at subsaturation densities:

Hanbury-Brown Twiss correlation
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Probes of Esym at suprasaturation
densities: differential flow
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Probes of Esym at suprasaturation
densities: elliptic flow
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Probes of Esym at suprasaturation
densities:

charged pion yield ratio
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Probes of Esym at suprasaturation
densities: charged pion yield ratio
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Probes of Esym at suprasaturation
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Divergence of Esym from FOPI n-/a" data

(p) (MeV)

sym

LQMD, Feng/Jin, PLB (2010)
100 : . . |

80

60

40

20

p/p,
IBUUO04, Xiao/Chen/Li/Zhang, PRL, (2009)
IBL, Xie/Su/Zhu/Zhang, PLB, (2013)

TuQMD,
Cozma/Trauntmann/Li,
PRC (2013)

Pion s&p-wave

from thermal model
Xu/Ko/Oh, PRC (2010)

Xu/Chen/Li/Ko/Ma,

PRC (2013)
Pion s-wave from pBUU

Hong/Pawel, PRC (2014)

Pion threshold effect

from RVUU
Song/Ko, PRC (2015)
Energy conservation

from TuQMD
Cozma, PLB (2016)

Clustering and Pauli

Blocking from JAM/AMD
Ikeno/Ono/Nara/Onoshi,

PRC (2016,2019)
Pion s&p-wave from RVUU
Zhang/Ko (2017,2018)



Probes of Esym at suprasaturation
densities: kaon yield ratio
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Probes of np etfective mass splitting:

np emission
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Probes of np effective mass splitting:
isospin diffusion
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3. Transport Model
Evaluation Project (TMEP)



BUU Type Code Correspondents Energy Range [A GeV] Relativity
BLOB P. Napolitani, M. Colonna 0.01-0.5 non-rel
BUU-VM S. Mallik 0.02-1 rel
DJBUU Y. Kim, S. Jeon, M. Kim, C.-H. Lee, K. Kim 0.05-2 cov
GiBUU J. Weil, T. Gaitanos, K. Gallmeister, U. Mosel 0.05-40 rel/cov
IBL W.]. Xie, F.S. Zhang 0.05-2 rel

[BUU J. Xu, LW. Chen, B.A. Li 0.05-2 rel
LBUU(LHV) R. Wang, Z. Zhang, L.-W. Chen 0.01-1.5 rel

pBUU P. Danielewicz 0.01-12 rel

PHSD E. Bratkovskaya, W. Cassing 0.1-200 rel/cov
RBUU T. Gaitanos 0.05-2 cov
RVUU Z. Zhang, C.M. Ko, T. Song 0.05-2 cov
SMASH D. Oliinychenko, H. Elfner, A. Sorensen 0.5-200 cov

SMF M. Colonna, P. Napolitani 0.01-0.5 non-rel
x BUU Z. Zhang, C.M. Ko 0.01-0.5 non-rel
QMD Type Code Corespondents Energy Range [AGeV] Relativity
AMD A. Ono 0.01-0.3 non-rel
AMD+]JAM N. Ikeno, A. Ono 0.01-0.3 non-rel+rel
BQMD/IQMD A. Le Févre, ]. Aichelin, C. Hartnack, R. Kumar  0.05-2 rel
CoMD M. Papa 0.01-0.3 non-rel
ImQMD Y.X. Zhang, N. Wang, Z.X. Li 0.02-0.4 rel
IQMD-BNU J. Su, ES. Zhang 0.05-2 rel
IQMD-SINAP G.Q. Zhang 0.05-2 rel

JAM A. Ono, N. lkeno, Y. Nara, A. Ohnishi 1-158 rel
JQMD 2.0 T. Ogawa, K. Niita, S. Hashimoto, T. Sato 0.01-3 rel
LQMD(IQMD-IMP)  Z.Q. Feng, H.G. Cheng 0.01-10 rel
TuQMD/dcQMD D. Cozma 0.1-2 rel
UrQMD Y. J. Wang, Q. F. Li, Y. X. Zhang 0.05-200 rel

14 BUU and 12 QMD, which one should be trusted?

H. Wolter, et al., Prog. Part. Nucl. Phys. 125, 103962 (2022)



History of Transport Model
Evaluation Project 1

Trento I (2003): energy 1-2 AGeV, emphasis on particle
production p, 7, K

mean field and Pauli blocking not quite so important
Summary Published in J.Phys. G31, 741 (2005)
Improvements from the workshop:
Prog.Part.Nucl.Phys. 56, 1 (2006)

Phys.Rep. 510, 119 (2012)

* Trento II (2009): energy 100, 400 AMeV
large differences in flow observables and collision rates
origin was not firmly identified, results not published



Participating codes in Trento workshop

code correspondents  acronyms

Barz/Wolf

Cassing HSD
Reiter UrQMD
Hartnack IQMD
Larionov GiBUU
Chen RVUU
Fuchs TuQMD
Gaitanos RBUU
Danielewicz pBUU

3 QMD codes and 6 BUU codes
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History of Transport Model

Evaluation Project 11

* Transport2014 (2014): Mainly 100 AMeYV, also 400 AMeV.
Focus on low-energy dynamics: stability, stopping, and flow

Results published in Phys.Rev.C 93, 044609 (2016)

* Transport2017 (2017): Box calculation of NN scatterings,
mean-field evolution, and production of pion-like particles

Box-cascade: Phys.Rev.C 97, 034626 (2018)
Box-pion: Phys.Rev.C 100, 044617 (2019)
Box-Vlasov: Phys.Rev.C 104, 024603 (2021)

* Transport2019 (2019): production of pion-like particles at
270 AMeV

HIC-pion: Phys.Rev.C 109, 044609 (2024)
Box-pion2: Energy conservation effect on pion production



Transport2014 in Shanghai

Intema jona ’sorkxhop on Simulations of Low and Intermediae Enerpy Heavy lon Collisions (Transport 014)
January 8-12, 2014, Shanghai Chinz}




Participating Codes
Boltzmann-Uehling-Uhlenbeck(BUU)-type models (9)

BUU-type code correspondents energy range|reference

BLOB P.Napolitani,M.Colonna | 0.01 ~ 0.5 19
GIBUU-RMF J. Weil 0.05 ~ 40 20)]
GIBUU-Skyrme J. Weil 0.05 ~ 40 20)]
IBL W.J Xie F.S.Zhang 0.05 ~ 2 21

[BUU J. Xu,L.W.Chen,B.A.Li 0.05 ~ 2 (11, 22]
pBUU P.Danielewicz 0.01 ~ 12 23
RBUU K. Kim,Y.Kim,T.Gaitanos| 0.05 ~ 2 24
RVUU T.Song.G.Q.Li.C.M.Ko 0.05 ~ 2 25
SMF M.Colonna.P.Napolitama | 0.01 ~ 0.5 26

In GeV

Find representative references for each code in PRC 93, 044609 (2016)




Participating Codes
Quantum-Molecular-Dynamics(QMD)-type models(9)

QMD-type code correspondents |[energy range|reference
AMD A.Ono 0.01 ~ 0.3 127]
IQMD-BNU J.Su,F.S.Zhang 0.05 ~ 2 28]

[QMD C.Hartnack.J.Aichelin| 0.05 ~ 2 29, 30]
CoMD M.Papa 0.01 ~ 0.3 31]
ImQMD-CIAE| Y.X.Zhang.Z.X.1a 0.02 ~ 0.4 32]
[QMD-IMP 7.Q).Feng 0.01 ~ 10 33]
[QMD-SINAP G.Q).Zhang 0.05 ~ 2 34]
TuQMD D.Cozma 0.1 ~ 2 35]

UrQMD Y.J.Wang.Q).F.1a 0.05 ~ 200 | [36, 37]

In GeV

ImQMD-GXNU: low-energy fusion reaction
Find representative references for each code in PRC 93, 044609 (2016)



Homework description:
Initialization and reaction parameters

2) Reaction:
a) Au + Au, at 100 AMeV
b) Initialisation: Initialize your (test)particles to obtain in coordinate space a Fermu function
density profile with radius R=xA'" (x=1.12 fm) and diffuseness a=0.6 fm. In case you are
using finite size (test)particles. use a sphere of the above radius and try to adjust the width in
such a way as to approach the diffuseness (if possible).
The momentum of the particles should then be chosen randomly 1n the local Fermi sphere.
c) impact parameter b= 7. and 20. fm, with initial distance (between the centers of project and
target) in z-direction 16 fm
d) number of runs and (test)particles:

BUU: 10 runs, 100 TP/nucleon (for finite size TP). 500 TP/nucleon (for point TP)

MD: 1000 runs.
e) time evolution: run until =140 fm/c. Use the time step you are usually using. For a second
order mtegration method we suggest 0.5 fm/c.

Initial coordinate space: Woods-Saxon distribution

BEFORE

b=7 fm: real collisions
b=20 fm: single nucleus evolution - stability




Homework description:
Mean-field potential and NN scattering

1) Physical input parameters:

a) Equation-of-state:
For non-relativistic transport codes: use a standard soft Skyrme parametrization (without
momentum dependence) with the following parameters:
a=-209.2 MeV. b= 1564 MeV., 1=1.35. M=938 MeV
with a symmetry potential energy with linear density dependence S,q*(p/po). Spot =18 MeV.
The total single-particle potential 1s then:
Unp=a(p/po)tb(p/po)” +/- 2Sp0™p/po™0 (6=(Pu-Pp)/p)
(Properties of this parameterization: Compression modulus K,=240 MeV. saturation
density p;=0.16 fm™. binding energy at saturation density E;= -16 MeV. symmetry
energy S(pg)-30.3 MeV)

For relativistic transport codes: use a nonlinear o-w-p RMF parameterization “NLp”
(see parameter set I in PRC635. 045201, by Liu B et al.)
(properties of this parameterization: K;=240 MeV., p=0.16 fm™, E;=-16 MeV.
S(po)-30.3 MeV)

b) use a constant 1sotropic elastic cross section of 40 mb.

¢) turn off all inelastic collisions.



Homework list for code contributors

Mode B). Au+tAu@100 AMeV

B.1) No Surface Term mode: Turn off the surface term 1n the mean field (e.g., the Yukawa
interaction in the QMD-like models, the gradient term in the BUU-like models). Allow
collisions between all nucleons (or TP). | B-Full: both mean field and NN scattering

B.2) Vlasov mode: Turn off all collisions and use mean field as in B.1 (no surface terms)..

B-Vlasov: only mean field
B.3) Cascade mode: Turn off all interaction pofenfials in B.T mode

B-Cascade: only NN scattering

Mode D). Au+Au@400 AMeV

D-Full: 400AMeV, both mean field and NN scattering
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Initial density profile
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average over 1000 events

BUU: mostly follow the suggested Woods-Saxon distribution, easily stable
QMD: mostly deviate from the suggested Woods-Saxon distribution
ground state? Thomas-Fermi or Hartree-Fock, frictional cooling

Difficult to get a common initialization




TABLE II: Initialization and nucleon-nucleon scattering treatment used in various codes in homework calculations.

Code name

Shape of

(Ax)? [me]a

§ < r? >1/2 (fm)b

§ <t >4 (fm)°

Attempted collisions

1st collisions

particles within same nucleus
AMD Gaussian 1.56 -0.01 0.01 p= e B vig At ves
IQMD-BNU Gaussian 1.97 0.32 0.39 Bertsch approach? no
IQMD Gaussian 2.16 0.64 0.85 Bertsch approach yes
CoMD Gaussian 1.32 -0.11 -0.04 p=1—eat" yves
ImQMD-CIAE |Gaussian 2.02 0.39 0.47 Bertsch approach yes
IQMD-IMP Gaussian 1.92 0.61 0.80 Bertsch approach yves
IQMD-SINAP |Gaussian 2.16 0.03 0.12 Bertsch approach yves
TuQMD Gaussian 2.16 -0.17 -0.17 Bertsch approach yes
UrQMD Gaussian 2 0.12 0.18 collision time table® |yes
Shape of |(Ax)? [f1112]
test particle| or [ [fm]f

BLOB triangle 2 0.10 0.07 p= o™ Litli) At |yes
GIBUU-RMF Gaussian 1 -0.18 -0.26 Bertsch approach yves
GIBUU-Skyrme | Gaussian 1 -0.03 -0.03 Bertsch approach yves
IBL Gaussian 2 -0.32 -0.42 Bertsch approach no
IBUU triangle 1 0.01 0.04 Bertsch approach yves
pBUU point, 04 0.01 -0.02 cell” yes
RBUU mvar.Gauss | 1.4 -0.12 -0.19 Bertsch approach yves
RVUU point 0 0.01 0.03 Bertsch approach yves
SMF triangle 2 013 -0.18 p = o™ LRy At |yes
*Ax is the width of the Gaussian wavepacket as in Eq. (6).

by < p2 1/ 2= 92 S1/2 o 2 >%{25 with < r2 >]},{,{r§; from the required Woods-Saxon distribution.

€ < pd SUd=c pd S1/4 _ 4 >%{‘}5 with < r4 >]}{ié from the required Woods-Saxon distribution.

@ Bertsch approach” means: b < \/crmed,fﬂ' and v;jyAt/2 > |r;; - p/p| as described in the Appendix B of Ref. [38].

“Details about the collision criterion in UrQMD can be found in Ref. [37]
1l is the lattice spacing for test particle with triangular shape. See its definition in Ref. [39].
9The node separation for the caleculation of average quantities is typically 0.92 fm, but can decrease with increasing energy. See Ref. [23]

for details.



Stability (b =20 fm)
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as a damping effect.
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Density evolution atb =7 fm - BUU
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Density evolution at b =7 fm - QMD

60 80 100 120 140 fm/c  average over 1000 events
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Fluctuation in BUU and QMD

4 runs with 100 TPs per nucleon 4 individual events

2ﬂIm('.iI'*.-‘ID—(.",‘I!'-\E, b =7 fm, B-Full, t = 100 fm/c
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NN scatterlng & Paull blockmg BUU
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NN scattering & Pauli Blocklng QOMD
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Rapidity distribution (B-mode)
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Rapidity distribution (Full mode)
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Transport2017 at MSU




More photos of Transport2017




Box calculations with periodic boundary conditions

*Details of periodic boundary conditions

1. abox of volume V=L *L,*L,,
where the system is confined.

2. The position of the center of box
is (L,/2,L,/2, L;/2).

3. In order to keep all particles
inside the box, a particle leaving
the box has to enter it on the
opposite side, keeping the same
momentum.

20fm

Initialization:

Uniform density p,=0.16 fm-3, with isospin asymmetry equal to zero. With the
above size of the box this corresponds to 1280 nucleons, 640 neutrons and 640
protons. Particle positions are initialized randomly from O to L, .



Homework 1 (Cascade mode) requirements

* Particles interact only through two-body collisions, i.e. the mean-field
interaction and Coulomb force are suppressed.

* constant isotropic elastic cross section of 6=40 mb without any artificial
threshold

e The simulation should be followed until t=140 fm/c, with a recommended step
of At=0.5 or 1.0 fm/c.

Initialization:
Particle momenta are initialized randomly in a sphere with Fermi momentum
pP=265 MeV/c (T=0 case) or with the Fermi distribution at T=SMeV.

*Modes

CTO0, CTS: Cascade without Pauli blocking

CBOPI1TO0, CBOP1TS: Cascade with default Pauli blocking

CBOP2T0, CBOP2TS: Cascade with ideal Pauli blocking (test purpose)



Participating codes

Type Acronym Code correspondents Rel./nonrel.

BUU-VM?* S. Mallik Rel.
GiBUU J. Weil Rel.
[BUU J. Xu, L. W.Chen, B. A. Li Rel.
BUU pBUU P. Danielewicz Rel.
RVUU T. Song, Z. Zhang, C. M. Ko Rel.
SMASH D. Oliinychenko, H. Petersen Rel.

SMF M. Colonna Nonrel.

CoMD M. Papa Nonrel.
ImQMD" Y. X. Zhang, Z. X. Li Rel,
[QMD-BNU J. Su, F. S. Zhang Rel.
IQMD-IMP* Z.Q. Feng Rel.
QMD JAM A. Ono, N. Ikeno, Y. Nara Rel.
JQMD T. Ogawa Rel.
TuQMD D. Cozma Rel.
UrQMD Y. J. Wang, Q. F. Li Rel.

7 BUU codes and 8 QMD codes



Theoretical collision rate in CT0
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Taken from Akira Ono

Bertsch prescription (nonrelativistic version)

Two nucleons may collide
@ when the relative distance is minimum during a time step, 2|r-v| < veA ,
@ and when the minimum distance is 12 — (r-v)2/v2 < a/n,

where r and v are the relative coordinate and velocity, respectively, at the current time 1.

There is not anything more.

Then the same pair of two particles can collide more than once, as in the second example.

@ By the collision, the momenta are changed from the blue to the red
_@ arrows. After the collision, the particles are moving away from each
b other (r-v>0), so they will never collide again.

(HE @ After the collision (red arrows), the particles are again approaching
= to each other (r-v<0) and the distance is |r| < vVo/m, so they will

) , : _
~ collide again at a later time.  Repeated/spurious scatterings

Avoid repeated spurious scatterings

After a collision happened for a pair of particles (i, j), the same pair should not collide again
until one of i and j collides with some other particle.
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Box-pion calculation
pion production, N+*N<—N+A, A&N+n

One-way A production or two-way A production (detailed balance)
Fixed A mass or a Breit-Wigner form
Turn on isospin asymmetry -/ "

Theoretical limit of kinetic equation (N+N<—N+A only):

dpy(t) 1 2
{Tt = — EANN (Pw(f?)) + Anapn () p,(t)
dp, (t) 1 5 Further:
ok E?LNN (,ON(‘C)) — Anapn () pa(t) A—N+n
isospin

py(t=0)=p,  p,(t=0)=0

L= (00 )= [ 15015 (P5)G 0V .1 P
v [ 112015 (ps)d P s




Box-pion calculation

N+N—N+A and elastic B+B<—B+B

asym __—NN-=NA o o o o o NN._’MQ qnly
BUU-VM IBUU |IQMD-BNU | IQMD-IMP JAM JQMD pBUU RVUU SMASH TuQMD
1 2\ 1 R 1 R 1 \ 1 \ 1 \ 1 |\
__.ﬂ __ﬂ __& _.'5. ' A | __.-'_‘._ A

ik 0 )

AAAALAAAAL

O L L 1 1 1 1 L L L 1 1 L 1 1 1 1 L L L 1 1 1 1 L L L 1 1 1 1
0 102030 0 102030 0 102030 0 102030 0 102030 0 102030 0 102030 0 102030 0 102030 0 1020 30
time [fm/c]

N+N<N+A and elastic B+B<—~B+B

detailed balance

R [(fm/c)™]

asym . . . . NA wi;hc:-ut n

20 BUU-VM IBUU |IQMD-BNU | IQMD-IMP TuQMD

" L 4 4 4 i L i

% A A

i Jam

2 "'pwwf?“_'" |
: | (
z n |

o 75 o 75 0 75 0 75 0 75 o0 75 0 7 0 75 0 75 0 75
time [fm/c]

Blacking solid lines: theoretical limits from reaction rate equations/statistical model



Sequence of collisions and decays

(a) RVUU | (b) JQMD | (c) IBUU (d) pBUU

Ce Di| Ger Dedl Geo Ded 1Dk Cie Pron G Preo G (C&D)y (C&D)ys1{C&D)gs (C&D)y (C&D)y1{C&D)y:

Computational steps Computational steps Computational steps Computational steps

(€) IQMD-IMP (f) IQMD-BNU (@) TUQMD (h) JAM, SMASH

t l Na '\nl-/\\_/l/\\,y\ Na o e opnrman

NT[ | : i i
BI;P kiM Bg)k+jiMB BEkh'"" BBD pRY st)kﬂma BBDHZMB 88 MBD K ee Mﬁe)k*ji BB Mgm
Cet CifCei GenlCrz Cin Cro CilCei Genllir Gz ck Lk Cealret CoalCiez | . C&D
Computational steps Computational steps Computational steps Time

N+N-N+A, N+n—A A—N+n

C: collisions, increase N, and decrease N D: decay: decrease N, and increase N_

Different sequences of collisions and decays affect N, and N_ at the time boundary



Higher-order correlations induced by collisions

X X
N; N\/ N; N N; N\/ N N/’

X
\/ N; A; Ny
Aj N N;j Aj : 5
: ; Tk : (N A)dpn

) J
N; N/ A! N/ ninj < piA f Utot[pA ]
: (Nﬂ')nnd
#J (NA)ungp ) ninj o n;AY Jmt[nfﬁ{?]
T ; / /
N, A, N/ N7



Number of particles

Box-pion calculation
N+N—N+A, and A—~N+n, and elastic B+tB—B+B

Full NAm

asym

BUU-VM

1BUU [IOMD-BNU | 1OMD-IMP

" JOMD
X i

" RVUU

TuQMD

time [fm/c]

Situation becomes worse with pions.

asym @ mratio - A(rlike) ratio 4 r-like ratio 90 <t <150 fm/c Full NArT

BUU-VM IBUU [IQMD-BNU | IQMD-IMP JAM JOMD pBUU RVUU SMASH Tu@QMmD

____________ L S N S E R N ————————— [ I ™ RS I S e

SEp— [ = € T mm £ T g sy = | i i = | i

——_;;:’———‘H ————— ——‘—."‘ ————————— ' —— ' —————— ’f ——‘—"A— ‘—“ ————— ——‘—H ————— —‘— ————————— ——‘“ —————

Z'”'."/'."_Z“ﬂ'""_Z"'""""_Z"'""""_Z'.T""_Z"""""'__ ",'."""_Z".'/'."""_Zi—"""":“.’/'."""_
.\. .‘\“—.

8 | | | | | | | | | | | | | | | 1 | | | | | | | |
00 0510 00 05 1000 05 10 00 05 1.0 00 05 1.0 00 05 10 00 05100005100

At [fm/c]

Sequence of N+N—N+A and A—N+r affects pion multiplicity (weak when At—0);
Higher-order correlations lead to isospin violation in geometrical collision treatment (full
ensemble method (mix N p, 6—6/Np) as a cure).

e.g. leading to A°’A*/A-A*">1

.0 05 1.0 0.0 O

|
5 1.0



Box-pion calculation: summary

asym | N I - | | - 90 < t < 150 fmlc FuII NAn'

BUU-VM IBUU |IQMD-BNU | IQMD-IMP | JAM JQMD BUU RVUU | SMASH |  TuQMmD
Nal oL L b om0 weew wm oW | | L
N.| [ . —0.48 + + + + :
NN-NAL T 0 : g I : I :
ANl O A=W + | - Oo + | + 1
nratof | - @+ mm - ®B |+ 1 + & + T+ 1 + 1 T+ I -
Meraiol 1+ 1+ ° - & + 1 4+ 1 + 1+ 0 + 0 L+ 7
Sm.ke) rati- + + + . - + + . + .
PN + + 1 . : + 1 . + 1
At=05 fin/c|At=0.5 fm/c|At=10 fmic At=05fmc| | |At=10fmic|At=03 fmic/At=01fmic| | At=0.35fmig

BUU-VM IBUU |IQMD-BNU | IQMD-IMP | 1 JAM | JOMD |  pBUU|  RvUU| SMASH| TuQmD
) T R R e R A L e
vl om ] I I - [ I I - I - |
NNSNAL  [OZE= il Il ! I il Il ! I
N s + : . i + : . Lo
Iratio - l 1 | + | L | | | L | + | L | | | + | |
meratol 8 1 1 | . 1 1 1+ | T 1 I 1 T 1 |
Npgrat 0+ 1+ T = T | T T I S E—
fhe] m | m | (  wm| W | m oW w4 | m

|At|_>0 | \At\_)o | \AtT)O | |At|_>o | | i | |At|_)0| ArT)O | |At|_>o | | i | |At|_>0|
01001 -0.1001 -01001 -0100.1 -0100.1 -0.1001 -01001 -0100.1 -0100.1 -0.10 0.1

(X _Xideal-gas) /Xideal—gas

Extrapolation to At — 0 can be helpful (or time-step free code).
;. Tatio is OK due to cancellation of different effects.



p(im™)

Box-Vlasov calculation

Momentum sampled within local Fermi sphere determined by local density

Study the time evolution of p(z)

| | | | | | | Isospin symmetric nuclear matter
B A | Only momentum-independent 2) Skyrme-like
016 _%_ mean-field potential b) 6-0 coupling

v No surface or Coulomb potential

-+ No NN collision  due to large fluctuations and
dissipations in QMD models

 —T 5 = Incompressibility K,=240 MeV — K,=500 MeV

0.14 - -

0.12—

= Lh e L = O
coocooo o




Damping sources:

1) Landau damping: mixing modes
2) Numerical damping: fluctuations

a) Decreases with increasing TP numbers
b) Decreases with increasing particle size

-0.20
_ WU prupy 26T =R _ 3Hp
-F=77 /¢ Pz T oz — - SMF 1 TP
, =+ SMF 10 TP
I b —— SMF 100 TP
Hpa —fd r[ (P*/ po) + —— (p /Pn)] — —. analytical
a 15 I | I | I | I
2body,QMD ~ 6 L i
Hpotu\ = 2_ Pi \ m-b ‘
b ~
g 3body.QMD _ —o &
T S g &7 S 2
<p°>~ <p>° E
naccurate 3-body force = [
I te 3-body force =
calculation with few TPs -4 @
. d
(or in QMD); 60 D
Suitable size of particle 0 5 10 15 20 20 5 10 15 20
z (fm) z (fm)

SMF 100 TP -
——— SMF1TP
—— ImQMD Ax = 1.4 fm ]
«— = ImQMD Ax = 0.9 fm

———s ImQMD-L Ax = 1.4 fm
ImQMD.L Ax = 0.9 fm

Py !@ Idz sin(kz) p(z,t)

p () [fm ]

Time t (fm/c)
—— ImQMD Ax = 1.4 fm
+=-= ImQMD Ax = 0.9 fm
—— ImQMD-L Ax = 1.4 fm
ImQMD-L Ax = 0.9 fm
analytical

6 ! | ! | ! | ! i 6

RN L L
\ .
4 1  total

IEVECEE R RC]

N R/ R SN

0 5 10 1520 0 5 10 15 20
z (fm) z (fm)



Time Fourier transformation

Pk (t) = J dz sin(kz) p(z,t)

T I I

— SMF -
BUU-VM
pBUU . 10
SMASH
IBUU —
IBUU-L
~==e LHV
«=-=» RVUU
DIBUU
e« ImQMD-L

/ N. /»\L \]/’\w x.\.;.zs

l
1
.
Vi N
']

(a)

¥ ; L : ! : \ : | ‘
0'2() 100 200 300 400 50C

Time t (fm/c)

T ' ' — ImQMD
« ImQMD-L
IQMD-BNU

IQMD-IMP
— TuQMD
UrQMD

Strong damping
» Low frequency

p () [fm?]

o1f 1 (b)

0 100 200 300 400 500

Time t (fm/c)

P (®) = [ dt cos(mot) a,(t)
Nonrel: v=p/m
Rel: v=p/E
Cov: depends on m*

| | | | | | |
13 14 15 16 17 18

22 23 24 25 26 27

19 | 20 | 21
ho (MeV)

Peak of p, (®w) < zero-sound

Landau parameter
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HIC-pion calculation
with realistic setups

by code authors

Compared with STRIT data
without first knowing the data

Deviations among code predictions on 7/n* oiE
“F 12g, 4124

are larger than the E_, effect.

08F
0.6F
0.4 -

02

;

— pBUU

]:(/— [QMD-BNU

SMASH

N\— AMD+JAM

0.25— .
_ﬁ\ From

X

Y (rH)
[am)

Soft E,

1.2

10851.1 +H2Sﬂ

[ IJESn+124Sn _ Y(n_)/Y(ﬂ:-'_ 1324124
n = +
6 | height of the bands: Y( )/ Y () 05411
~ | Esym effect Data -
g * ——
E llZSn+124Sn ,/w
41 76 I
- (,,/ ) -‘ o s
) 108g 4 112G, 7’ [ 2D <4 2 5 N
2F 3¢ e s P
2 <
Il o I B B} I B 1 ) I b1 I B B} I Il
1.2 13 14 15 1.6

Double Ratio

1.4 1I.6
N/Z 1325n +124Sn at b=3 fm

Uncertainties of
different physics
+
Uncertainties of
their different
incorporations

G. Jhang et al., PLB (2021)



Comparisons of StRIT data with TuQMD results ___
0.3p
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Comparing pion production in transport simulations of heavy-ion collisions at 270A
MeV under controlled conditions

Jun Xu,'2:* Hermann Wolter,®: T Maria Colonna,* ¥ Dan Cozma,? ¥ Pawel Danielewicz,% 7: ¥ Che Ming
Ko,® ** Akira Ono,” " ManYee Betty Tsang,% " # Ying-Xun Zhang,'® ! 85 Hui-Gan Cheng,'? Natsumi
Ikeno,'®: 1 Rohit Kumar,® Jun Su,'® Hua Zheng,'® Zhen Zhang,'® Lie-Wen Chen,!” Zhao-Qing Feng,'? Christoph
Hartnack,'® Arnaud Le Fevre,!” Bao-An Li,?° Yasushi Nara,?! Akira Ohnishi¥Y,?2 and Feng-Shou Zhang??: 24

(TMEP Collaboration)

TABLE I:. Code names, authors and correspondents, and representative references of 4 BUU-type and 6 QMD-type codes
participating in the present study. SMF and ImQMD-L only participate in the comparison of nucleon observables and are
therefore listed separately in the last row.

BUU-type code correspondents reference QMD-type code correspondents reference
IBUU® |J. Xu, L.W. Chen, B.A. Li|[14, 38, 39](| IQMD-BNU J. Su, F.5. Zhang [44]
pBUU P. Danielewicz [40, 41] [QMD-IMP? H.G. Cheng, Z.0Q). Feng [45]
RVUU 7. Zhang, C.M. Ko [42] IQMD R. Kumar, Ch. Hartnack, A. Le Fevre| [46]

JAM N. Ikeno, A. Ono, Y. Nara, A. Ohnishi| [26, 47]
TuQMD*® D. Cozma [48]
SMF M. Colonna, H. Zheng [43] ImQMD-L*? Y.X. Zhang (49, 50]

2A new version using the lattice Hamiltonian framework, recently developed in Ref. [39], is mainly used in the present study. The original
version (called IBUU-O here) is described in Refs. [14, 38].

b Also known as LOQMD in literature.
“This code provides both traditional and accurate calculations of the non-linear density-dependent term in the mean-field potential, with

the latter dubbed “TuQMD-L" in the present study. The deQMD model, used in Ref. [37] to describe the pion spectra from the STRIT

experiment, is a recent offspring of the TuQMD transport code.
4A lattice version of ImOQMD with a more accurate calculation of the non-linear density-dependent term in the mean-field potential
recently developed in Ref. [50] is used in the present study. The original version is described in Ref. [49].

JX et al., Phys. Rev. C 109, 044609 (2024)



HIC-pion homework description

SnRIT condition: 32Sn+24Sn@270A MeV, 12Sn+1%Sn@270A MeV, b =4 fm

Summary of treatments in different codes

TP shape/size

Coulomb potential

Pauli blocking

At (fm/c)

IBUU n=21=11fm Npmp=1,r.=11Im cubic cell, Ar =2 fm, Ap = 100 MeV /c, 100 TPs 0.2
pBUU modified g, [ =0.92 fm Poisson equation fit with a superposition of two FD distributions 0.2
RVUU point N =10, r. = 0.1 fm |spherical cell, Ar =1 fm, Ap = 150 MeV /c, 1000 TPs 0.2
SMF n=2,1=11fm Poisson equation spherical cell, Ar = 2.53 fm, o, = 29 MeV /¢, 100 TPs 0.5
IQMD-BNU L=2fm? standard overlap of wave packets 1
IQMD-IMP L =2 fm? standard overlap of wave packets 0.2
IQMD L =2 fm? standard Ar =3 fm, Ap = 100 MeV /¢, surface correction 0.2
JAM L =2 fm? EB fields with r. = 2 fm overlap of wave packets 0
TuQMD L=2fm? standard Ar =3 tfm, Ap = 100 MeV /c, surface correction 0.2
ImQMD-L L=2fm’ standard overlap of wave packets 0.2

Different simulation modes

Coulomb potential | Pauli blocking|Mean-field potential
Cascade-nopb off off off
Cascade-nopb-cou on off off
Cascade oft on off
Cascade-cou on on off
Full-nopb off off on
Full-nopb-cou on off on
Full oft on on
Full-cou on on on




Nucleon evolution

BUU and lattice QMD have a lower density (p? term) # Less pions # Larger m/n*
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Time evolution of pion production

B2g4+'%g  solid: w/o Coulomb dashed: with Coulomb
IBUU pBUU RVUU IQMD IQMB-BNU JQMD-IMP™ DAM TuQMD

A

0.8

- Cascade
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7 Pauli
blocking

Cascade
c| with
Pauli

7| blocking

=1 Full
without

1 Pauli
blocking

Full

with

-1 Pauli

| blocking
T

1B

30 60 30 60 30 60
t (fm/c)




Pauli blocking:

1) Suppress more NN — NA
than NA —NN, suppress A(m)

production

2) Suppress more pp — nA*™"
than nn — pA-, enhance /"

yield ratio

stronger Pauli blocking

with local statistic method

in pBUU

stronger Pauli blocking
with surface correction
in IQMD and TuQMD

Pauli blocking factor

Pauli blocking factor

Pauli blocking

Full mode
. ‘_N+N—}N+A

‘1328n+1248n |

0.5

e T~ 0.4
2.1 2.2 2.3
Vs (GeV)
| : | 0.5
Full mode 132 124
N+A—>N+N Sn+=Sn ;
i 104
—-—-1QMD
—BUU IQMD-BNU
- - = -pBUU ----- iovp-imp 10.3
. -+« RVUU JAM

——-=TuQMD

0.5

Full mode |

n+N—p+A

10.4

0.0
2.1 2.2 2.3
s (GeV)
= . | . 0.5
2 ~ Full mode

PHPoNtAT 10 4




pion yield

pion yield
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Pion yield and ratio I
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3.6 |- 1 1) Suppress slightly the total
30l T % e g @ ._' A(m) production
’ . L3 L3
— 1 2) Affect isospin asymmetry
2 l -
28 ¢z " ®= ® % %1 in the high-density phase and
B D 1 L3 o
o4l = e E “| thus n/n* yield ratio (not exactly
S S e 5 a = o cancel when taking double ratio)
D Sa % S @ § S 3 3)Affect high-momentum
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Pion yield and ratio 11

L R Y R
4.0 _(b) 192g 44124 Key results, neglect pBUU
i Full ]
3.6 - o | BUU-type codes, 3.40+0.06 (1.7%)
+ q I pY term effect correction (4.8%)
E 32 B |‘. . I_-_i---._-_.{: ------- QMD-codes with surface corr IQMD-BNU
I K I|‘
- Ccou-LH " g = & 3.22+0.05 (1.8%) IQMD-IMP
2.8 Ot O e e B [BUU-like codes (w/o PB) 2.69+0.04
- U - R s NP L=l
. - = A QMD codes (w/o PB) 2.54+0.02
2.4 - B =3 @
5 ' Dl ' ID ' 5 ' 5 ' é_ L1 I_I Difference between BUU and QMD-T (.18
0O I difference TuQMD-T and TuQMD-L 0.16
D D DS Z2 = s O
m o > g o 7 g =
with PB wio cou Q ¥ = 0O Q 5 O Same Pauli blocking and p” term
Wi TS win oo > (23 - E calculation (after corrections)
w/o PB with cou o —

¥

n/mt* ratios converge within 1.6%

PB effect
correction (6.3%)




Reduce uncertainty of transport simulation (TMEP)

- initializati )
titiaitzation — elastic 14 Boltzmann-Uehling-Uhlenbeck
Transport 4 . iision —J inelastic 12 Quantum Molecular Dynamics
simulation
— Pauli blocking Model dependence

~ mean-field

box simulation

(theoretical limit)
HIC simulation HIC simulation

[

JX, et al., Y.X. Zhang, et al., PRC (2018) JX, et al.,

PRC (2016) elastic collisions, Pauli blocking PRC (2024)

reduce uncertainty of
n/n* from 5.2%

to 1.6%

initialization; A. Ono, JX, et al., PRC (2019)
theoretical error inelastic collisions, T production

of directed flow
M. Colonna, et al., PRC (2021)

mean-field evolution

main uncertainties:
mean-field, Pauli blocking



Research papers J. Phys. G: Nucl. Part. Phys. 31 (2005) $741-S757

published Transport theories for heavy-ion collisions in the
1 A GeV regime

E E Kolomeitsev'2, C Hartnack®, H W Barz*, M Bleicher’,
E Bratkovskaya’, W Cassing®, L W Chen’*, P Danielewicz’, C Fuchs'’,
T Gaitanos'', C M Ko’, A Larionov®'*, M Reiter’, Gy Wolf'> and

J Aichelin®"

PHYSICAL REVIEW C 93, 044609 (2016) PHYSICAL REVIEW C 97, 034625 (2018)

Understanding transport simulations of heavy-ion collisions at 1004 and 4004 MeV:
Comparison of heavy-ion transport codes under controlled conditions Comparison of heavy-ion transport simulations: Collision integral in a box
Jun Xu,'"" Lie-Wen Chen,”' | ManYee Betty Tsang, ** Hermann Wu]rel *3 Ying-Xun Zhang,”! Joerg Aichelin,® Ying-Xun Zhang,"*: Yung—Ji:a Wang.* T Maria Colonna,*! Pawel Danielewicz,”* Akira Ono."! Manyee Betty Tsang,™!
Maria Colonna,” Dan Cozma,’ Pawel Danielewicz,” Zhao-Qing Feng.” Am'lucl Le Fevre,"” Theodoros Gaitanes,'! Hermann Wolter.”* Jun Xu.*"" Lie-Wen Chen,” Dan Cozma,'” Zhao-Qing Feng,!" Subal Das (-upld.IE Natsumi Tkeno,
Christoph Hartnack.® Kyungil Kim,' Yul.uwm an Kim,'2 Che-Ming Ko.'* Bao-An Li.,' Qing-Feng Li.'¥ Zhu-Xia Li’ Che-Ming Ko,"* Bao-An Li,"” Qing-Feng Li,*'" Zhu-Xia Li,' Swagata Mallik,'® Yasushi Nz wa,'” Tatsuhiko Ogawa, '
Paolo Napolitani,'® Akira Ono,"” Massimo Papa,'® Taesoo Song."” Jun Su.?’ Jun-Long Tian,”' Ning Wang.”? Yong-Jia Wang,'® Akira Ohnishi," Dmytro Oliinychenko,™ M'l'“lmo Papa.* Hannah Petersen.”*'2? Jun Su.** Taesoo Song.”"*' Janus Weil.”
Janus Weil,'” Wen-Jie Xie,” Feng-Shou Zhang,”" and Guo-Qiang Zhang' Ning Wang.™ Feng-Shou Zhang,”*** and Zhen Zhang'*

PHYSICAL REVIEW C 100, 044617 (2019) PHYSICAL REVIEW C 104, 024603 (2021)

Comparison of heavy-ion transport simulations:
P Y P Comparison of heavy-ion transport simulations: Mean-field dynamics in a box

Collision integral with pions and A resonances in a box
! Dan Cozma,” Pawel Danlelewuz % Che Ming Ko.” Akira Ono,®

Maria Colonna, ! YII]U Xun Zhang,>*" Yong-Jia Wang,*
" Zhen éhmv * Lie-Wen Chen, H Hui-Gan C huw

z Rui Wang,” " Hermann Wolter,"* Jun Xu,'>”

Akira Ono@,"" Jun Xu,**" Maria Colonna,* Pawel Danielewicz,” Che Ming Ko,® Manyee Betty Tsang,” * Yong-Jia Wang.” Manyee Betty Tsang,”
Hermann Wolter,* Ying-Xun Zhang, 219 Lie-Wen Ch;.n ! Dan Cozma,'> Hannah Elfner,'*'#!5 Zhao-Qing FLnu 16 Harmah Eltnel 161715 Zhao- Qing Feng, Myungkuk Kim. ¥ Youngman Kim.2 qﬂ"\,}mw Jeon.2! Ch'm" Hwan Lee.>
Natsumi Ikeno,' 7.18 Bao-An Li,'"” Sw. 'mml Mallik.” Yasushi Nara,”' Tatsuhiko Ogt awa.”> Akira Ohnishi,” Bao-An Li,”* Qing-Feng Li,"** Zhu-Xia Li.”> Swagata Mllllk 3 Dmytro Oliinychenko,”®*” Jun Su,'* Taesoo Song,'*?
: Agnieszka Sorensen.” and Feng-Shou Zhang "

Dmytro Oliinychenko,™ Jun Su,2 Taesoo Song,'* Feng-Shou Zhang,”**’ and Zhen Zhang>
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Compare model calculations

with exp data

Symmetry energy investigation with pion production from Sn+Sn
systems

Physics Letters B 813 (2021) 136016
G. Jhang, et al. (SRIT Collaboration and TMEP Collaboration)

A few review papers
related to TMEP

Dynamics of clusters and fragments in heavy-ion collisions

Akira Ono
Progress in Particle and Nuclear Physics 105 (2019) 139-179

Transport approaches for the description of
intermediate-energy heavy-ion collisions

Jun Xu*

Progress in Particle and Nuclear Physics 106 (2019) 312-359
Collision dynamics at medium and relativistic energies

M. Colonna

Progress in Particle and Nuclear Physics 113 (2020) 103775
Transport models for intermediate-energy heavy-ion studies

Hermann Wolter, et al.
Progress in Particle and Nuclear Physics 125 (2022) 103962



Concluding remarks

Accurate knowledge of nuclear force/EOS extracted from

intermediate-energy HIC needs well calibrated transport approaches.
HIC comparison among models, simple physics input

Strategies

Box comparison among models, theoretical limits available

HIC comparison with exp data, realistic physics input
Transport models that (partially) participated in transport model evaluation project

Boltzmann-Uehling-Uhlenbeck approach Quantum Molecular Dynamics approach

Boltzmann-Langevin One Body (BLOB)

BUU by Budapest/Rossendorf group (BUU-BR)
BUU by VECC and McG:ill University (BUU-VM)
Daejeon BUU (DJBUU)

BUU by Giessen group (GiBUU)

Hadron String Dynamics (HSD)
Isospin-dependent Boltzmann-Langevin (IBL)
Isospin-dependent BUU (IBUU)

Lattice BUU (LBUU or LHYV)

Pawel’s BUU (pBUU)

Relativistic BUU (RBUU)

Relativistic Vlasov-Uehling-Uhlenbeck (RVUU)
Simulating Many Accelerated Strongly-interacting Hadron (SMASH)

Stochastic Mean-Field (SMF)
BUU based on MF from yEFT (yBUU)

Antisymmetrized Molecular Dynamics (AMD)
Constrained Molecular Dynamics (CoMD)
Improved QMD at CIAE (ImQMD-CIAE)
Improved QMD at GXNU (ImQMD-GXNU)
Isospin-dependent QMD (IQMD)
Isospin-dependent QMD at BNU (IQMD-BNU)
Isospin-dependent QMD at IMP (IQMD-IMP)
Isospin-dependent QMD at SINAP (IQMD-SINAP)
jet AA microscopic (JAM) & sJAM

QMD at Japan Atomic Energy Research Institute (JQMD)
Tiibingen QMD(TuQMD)

Ultra-relativistic QMD (UrQMD)



What we learned
 Initialization: ground-state distribution - stable

* Mean-field potential: size of particles
— BUU: Lattice Hamiltonian method, more test particles
— QMD: accurate calculation of <p*>

e NN collisions:

— Attempted: y factor, remove spurious collisions, reduce
higher-order correlations, prefer full-ensemble method,
prefer stochastic method

— Pauli blocking:
* BUU: more test particles, effective temperature fit
* QMD: antisymmetrized wave function (?), surface correction (?)

— Inelastic: prefer time-step free or full-ensemble method,
reduce higher-order correlations, randomize collision
order list

— Coulomb(?): independent of distance cut, TP size, ...

At — 0



* Main ingredients affecting /7" :
— Pauli blocking
— p? term (QMD)
— Coulomb potential
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From Schrodinger equation to Vlasov equation

Wigner function (phase-space distribution function):

f r p, aZJ‘¢(r s, (r+s,0)e’”d’s

l%f r p, aZj (1 (r —s,0)@. (r+5,8) —.(r —s,0)he (v +5,1)]e’d’s

1
h=-V- (% V) +V(r) Schrodinger equation | ag/ﬁl =h¢  (TDHF)
0 P
Kinetic contribution: {52 k@, p,t) = —i = V.f(r,p,t)

: oo d .
Potential contribution: ia fP(r,p,t) = iV,V-V,f(r,p,t) — ﬁV3V Vof(r,p,)+...

0
Boltzmann-Vlasov equation: 3 f(r,p,t) = — % V.f(r,p,t) + V.V -V, f(r,p,t)

2 . [h
or Esm EVr-Vp



Equations of motion for solving
Boltzmann equation

Substitute

drg dpods
(2mh)?

into the Boltzmann-Vlasov equation

exp{is « [p — P(ropos, 1)]/h} 8[r — R(ropos. )] f (ropo, fo)

flrp.t) =

ﬁ,f':zj;:}. r) + ri -V, f(rp, 1) — %Sinlgvf _ ?;f} V1) frp.1) =0
First term: ]
df (rp.t) dro dpo ds (—ig) P
or (27h)3 J (ropo, o) h o
x explis « [p — P(ropos, 1)]/h}8[r — R(ropys, 1)]
+ explis - [p — P(ropos, 1)]/N} C.Y. Wong, PRC (1982)

x (Vpé|lr — R(rgpops. t)]) - 0 R(ropos, HXE}I]‘



Noting that

VRélr — R(ropos.t)] = —V,.é[r — R(ropos, 1)]

drodpgd
So f DO f(ropos 1o) explis - [p — Propes, 1)]/h)
(27h)-

x (=V,.8[r — R(ropos,t)]) - 0 R(ropos, t)/0t
dR(rypgs, 1)

— .V, 1),
Y frp,t)

The potential term:
2 h_ v
- sini%?:' -‘?’;f}‘.f{’r, 1) f(rp,1)

h
1 [drygdpgds
- Ef (2mh)3
x exp{is « |[p — P(ropos, t)|/h}é|r — R(ropos, )]

(Vir—=35.0)=V(r+3,1]

I (ropo, to)

b4

! C. Y. Wong, PRC (1982)



Put everything together:

- _—] -V, f(rp, 1)

ot m
drodpgds (—18) OPF
' f (2mh)’ J (ropo, fﬂ}[ ho ot
D= Vir+3,0]
ih ]
x exp{is « [p — P(ropos, 1)]|/l} C.Y. Wong, PRC (1982)

x o|r — R(ropgs, )] = 0.

Momentum-dependent potential:
One more term in BV equation

[_ dR(ropps.1) p

[V(r —

b2 o

# Equations of motion: 5 5
+ %sin(a v -v! jV(R,P, ) f(R,P,t)

dR p

== R

a m’ a—:£+VV
o0 m °

P s :
s.— =V (R _ 2 r) _ F(R+ =3 r), — ‘;—P ~—V V(R,1)
5



Brief discussions on
fluctuation and clusters
in transport model simulation



Fluctuation in BUU and QMD

Ordinary BUU: finite TPs => statistical fluctuation
infinite TPs => exact solution of BUU equation

IBL, SMF, BLOB ine % ¢ triade e
%) ﬁ A Ao _ A A /\ 4
(5+Z-Vr—VFU(f)-ijf(r,p,t)—K(f) A \
+6K (7, p.t) z W
SMF: fluctuations are projected on the coordinate space - W
BLOB: fluctuations are implemented in full phase space | w] i
Ordinary QMD: :
fluctuation related to the Gaussian width | Y \
larger width => smaller fluctuation |

o

Vlasov Boltzmann Langevin



Cluster production in BUU and
QOMD

For freeze-out phase-space distribution

Naive coalescence:
77 <R, |IPi—P;<HK

l
Dynamical coalescence:
The multiplicity of a M-nucleon cluster

dNyy A M 1 Z M R. Mattiello et al.,

- =G ( ) ( ) — f fp(r‘;1 k;) fa(ri, ki) Phys. Rev. Lett 1995

d*K M)\ Z) AM ,nl 5111 Phys. Rev. C 1997.
X Pw(ril ) kfl ----- riM—l ) k-'.M—l ) (S(K - (kl + -+ kM))drl dkl " 'drM dkM

p"” the Wigner phase-space density of the M-nucleon cluster



Wigner phase-space density

deuteron

W R\ . R o
P4 (rsk}=f¢’ I'+? o l‘—; exp(—ik - R) dR,

e

k= (k; — ky)/2 r=(ry —r)
Internal wave function ¢ (r) EE) root-mean-square radius of 1.96 fm

Triton or Helium3

W Ri . R
pt(iHe)(p!h!kpsk}.)z w _!O+_ !’L‘I‘ 'df p——,}L__

2 2
R I L
A rs 7

x exp(—ik, - Ry) exp(—ik; -R2)33/2dR1 dR>»
Intefﬂ?ﬂ wave  af(ry,r2,r3) Em) RMSradiusl.61 and 1.74 fm for triton and SHe.

— Ud]—
Si-
(o)
-
g
S

S

+y /K ki . :
6 % K;, k; ﬁ NN
function



Multifragmentation in intermediate
and high energy nuclear reactions

Experimentally established: 1) few stages of reactions leading to multifragmentation,
2) short time ~100fm/c for primary fragment production, 3) freeze-out density is
around 0.1p, , 4) high degree of equilibration at the freeze-out, 5) primary fragments
are hot.

STARTg\IFG POINT STARTING POINT

OF
DYNAMICAL MODELS STATISTICAL MODELS
I I

\j

§ fragm_en’rs {(Z>2)
liquid drops

At freeze—out : thermal and chemical equilibrium



Multifragmentation as afterburner of transport simulation

Code Evaporation User Author Ref.
Statistical Multifragmentadti
ISMM-c MSU-decay Tsang Das Gupta 2]
[SMM-m MSU-decay Souza Souza (13, 14]
SMM95 own code Bougault Botvina [4,9]
MNMDM1 own code AH Raduta | AH Raduta [15]
MMM?2 own code AR Raduta | AR Raduta [15]
MMMC own code Le Fevre Gross 5, 16]
LGM N/A Regnard Gulminelli [17]
QSM own code Trautmann Stocker [18]
EES EES Friedman Friedman [7,8]
BNV-box N/A Colonna Colonna [24]
Evaporation code:
Gemini Charity Charity [25]
Gemini-w Wada Wada [25-28]
SIMON Durand Durand [29]
EES Friedman Friedman [7,8]
MSU-decay Tsang Tan et al. [14]
M.B. Tsang et al., EPJA (2006)

Different statististical
multifragmentation
models and
evaporation codes

Different approaches
for multifragmentation
and cluster deexictation



Cluster dynamics in BUU and QMD

pBUU:

‘anN—:rNd‘E _ ‘MNG‘—:anpP o dgNd—Nnp

3-body collision forms a deuteron
4-body collision forms a triton or *He
P. Danielewicz and G.F. Bertsch, NPA 533, 712 (1991)

AMD:

Ny +By + No +Bs — Cy +Cs JN1 q_;;

@ N, N, : Colliding nucleons

@ By, B: : Spectator nucleons/clusters N2 ﬁﬁy\q# C,
2 0’
@ Ci, Co I N, (2N), (3N), (4N)  (up to a cluster) B e



Fluctuation in BUU and QMD

Central Collisions of ''?Sn + ''?Sn at 50 MeV/nucleon
BUU-type (Stochastical Mean-Field)

ISMF Ofmig] T 40 fmie] " Bofmie] ., deommic] ., .~ 200fmic] -
SH A< S e

OO

—— 40 fm—
QMD-type (Antisymmetrized Molecular Dynamics)
Tlavp  Ofme] 40fmic] T 80fmic]  120fm

o

— 40 fm ——

\ =
Q2

= 4 Yo
— L=

40 fm
/_ e ::;.-..\\
|EOI
Nt
./< J-_-j\
| i
i )
\\ ;-___/,/

40 fm ——

M. Colonna, A. Ono, and J. Rizzo, PRC 82, 054613 (2010)

SMF': more emitted nucleons
AMD: expansion faster



	幻灯片 1: Achievements of TMEP
	幻灯片 2: Intermediate-energy heavy-ion collisions
	幻灯片 3
	幻灯片 4: 1. Introduction of nuclear EOS  and transport approaches 
	幻灯片 5: Equation of State (EOS) of nuclear matter
	幻灯片 6
	幻灯片 7: Mean-field potential
	幻灯片 8: An improved momentum-dependent interaction (ImMDI)
	幻灯片 9: Nucleon effective mass
	幻灯片 10
	幻灯片 11: BUU transport approach
	幻灯片 12: QMD transport approach
	幻灯片 13: NN scattering cross section 
	幻灯片 14
	幻灯片 15
	幻灯片 16
	幻灯片 17: Nucleon-nucleon collisions  (in most transport models)
	幻灯片 18
	幻灯片 19: How is Pauli blocking realized?  (in most transport models)
	幻灯片 20
	幻灯片 21
	幻灯片 22: Implementation of Coulomb force
	幻灯片 23: 2. Representative studies on constraining EOS with HICs
	幻灯片 24: Probe of symmetric NM EOS: kaon production
	幻灯片 25: Probes of symmetric NM EOS: collective flows
	幻灯片 26: Probes of symmetric NM EOS: collective flows
	幻灯片 27: Probes of Esym at subsaturation densities: n/p
	幻灯片 28: Probes of Esym at subsaturation densities: t/3He
	幻灯片 29: Probes of Esym at subsaturation densities: collective flows
	幻灯片 30: Probes of Esym at subsaturation densities: isoscaling of produced isotopes
	幻灯片 31: Probes of Esym at subsaturation densities: isospin diffusion
	幻灯片 32: Probes of Esym at subsaturation densities: Hanbury-Brown Twiss correlation
	幻灯片 33: Probes of Esym at subsaturation densities: np correlation angle
	幻灯片 34: Probes of Esym at suprasaturation densities: differential flow
	幻灯片 35: Probes of Esym at suprasaturation densities: elliptic flow
	幻灯片 36: Probes of Esym at suprasaturation densities: charged pion yield ratio
	幻灯片 37: Probes of Esym at suprasaturation densities: charged pion yield ratio
	幻灯片 38: Probes of Esym at suprasaturation densities: charged pion yield ratio
	幻灯片 39: Divergence of Esym from FOPI π-/π+ data
	幻灯片 40: Probes of Esym at suprasaturation densities: kaon yield ratio
	幻灯片 41: Probes of np effective mass splitting: np emission
	幻灯片 42: Probes of np effective mass splitting: isospin diffusion
	幻灯片 43: 3. Transport Model  Evaluation Project (TMEP)
	幻灯片 44
	幻灯片 45: History of Transport Model Evaluation Project I 
	幻灯片 46: Participating codes in Trento workshop
	幻灯片 47
	幻灯片 48: History of Transport Model Evaluation Project II  
	幻灯片 49: Transport2014 in Shanghai
	幻灯片 50: Participating Codes
	幻灯片 51: Participating Codes
	幻灯片 52: Homework description: Initialization and reaction parameters
	幻灯片 53: Homework description: Mean-field potential and NN scattering
	幻灯片 54: Homework list for code contributors 
	幻灯片 55: Initial density profile
	幻灯片 56
	幻灯片 57: Stability (b=20 fm)
	幻灯片 58: Density evolution at b = 7 fm - BUU
	幻灯片 59: Density evolution at b = 7 fm - QMD
	幻灯片 60: Fluctuation in BUU and QMD
	幻灯片 61: NN scattering & Pauli blocking - BUU
	幻灯片 62: NN scattering & Pauli Blocking - QMD
	幻灯片 63: Rapidity distribution (B-mode) 
	幻灯片 64: Rapidity distribution (Full mode)
	幻灯片 65: Transverse flow (B-mode)
	幻灯片 66: Transverse flow (Full-mode)
	幻灯片 67
	幻灯片 68: Transport2017 at MSU
	幻灯片 69: More photos of Transport2017
	幻灯片 70
	幻灯片 71
	幻灯片 72: Participating codes
	幻灯片 73: Theoretical collision rate in CT0
	幻灯片 74
	幻灯片 75
	幻灯片 76
	幻灯片 77
	幻灯片 78: Box-pion calculation
	幻灯片 79: N+N→N+∆ and elastic B+B↔B+B 
	幻灯片 80: Sequence of collisions and decays
	幻灯片 81: Higher-order correlations induced by collisions
	幻灯片 82: N+N↔N+∆, and ∆↔N+π, and elastic B+B↔B+B 
	幻灯片 83: Box-pion calculation: summary
	幻灯片 84: Box-Vlasov calculation
	幻灯片 85
	幻灯片 86
	幻灯片 87: Transport2019 at ECT*
	幻灯片 88
	幻灯片 89
	幻灯片 90
	幻灯片 91: HIC-pion homework description
	幻灯片 92: Nucleon evolution
	幻灯片 93: Time evolution of pion production
	幻灯片 94
	幻灯片 95: Pion yield and ratio I
	幻灯片 96: Pion yield and ratio II
	幻灯片 97
	幻灯片 98
	幻灯片 99
	幻灯片 100: Concluding remarks
	幻灯片 101: What we learned
	幻灯片 102: Acknowledgements
	幻灯片 103: From Schrödinger equation to Vlasov equation
	幻灯片 104: Equations of motion for solving Boltzmann equation
	幻灯片 105
	幻灯片 106
	幻灯片 107: Brief discussions on  fluctuation and clusters  in transport model simulation
	幻灯片 108: Fluctuation in BUU and QMD
	幻灯片 109: Cluster production in BUU and QMD
	幻灯片 110: Wigner phase-space density
	幻灯片 111
	幻灯片 112: Multifragmentation as afterburner of transport simulation
	幻灯片 113: Cluster dynamics in BUU and QMD
	幻灯片 114: Fluctuation in BUU and QMD

