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Transport model simulations of
Intermediate-energy heavy-ion collisions

Heavy-ion Mean-field

experiments . . potential
Transport simulations t

Main approaches: Nuclear EOS, E;,

Boltzman transport and Quantum Molecular Dynamics

™~ N

NN scatterings

Initialization



A multiphase transport (AMPT) model
with string melting

Structure of AMPT model with string melting
A+B

Lund string fragmentation function
b(In2 + pf)

V4

HLJING energy in hucleon
excited strings and minijet partons spectators

-

f(z)=z'(1—2z)"exp {_

F PR z : light-cone momentum fraction
ragrent N0 parions

Parton scattering cross section

do _9ma’( )1 ; 9o’
= + . g =
dt 2s” s \t—u’ 2u’

ZPC (Zhang's Parton Cascade)

titl parton freeceout

Quark Coalescence
ART (A Relativistic Transport model for hadrons)

a: strongcoupling constant
K: screening mass

a, b: particle multiplicity
o, 1: partonic interaction
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Turn on hadronic mean-field potentials
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hadronic potentials for particles and antiparticles
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hadronic potentials for particles and antiparticles

Introduced with
test-particle method

In baryon-rich and neutron-rich matter:
« Baryon potential: weakly attractive -
Antibaryon potential: deeply attractive Sub threshold

K+ potential: weakly repulsive " particle production
K- potential: deeply attractive
nt potential: weakly attractive
7 potential: weakly repulsive

—_—

} Chiral perturbation theory



Effects of mean-field potentials on elliptic flow
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FIitAMPT parameters at RHIC-BES energies
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Lund string fragmentation parameters,
Parton scattering cross section, parton life time
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Pseudorapidity distribution, elliptic flow,
energy density at chemical freeze-out




Effects of hadronlc mean- fleld potentlals on elllptlc flow splitting
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Hanbury-Brown and Twiss (HBT) Correlation

‘Two-particle correlation function:
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Effects of mean-field potentials on HBT correlation

a probe of neutron-proton U difference
based on IBUU
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Effects of hadronic mean-field potentials on HBT correlation
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Effects of hadronic mean-field potentials on HBT correlation

Affect correlation for indentified particles
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A multiphase transport (AMPT) model
with string melting

Structure of AMPT model with string melting
A+B
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Parton scattering cross section
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a, b: particle multiplicity
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Turn on hadronic mean-field potentials



3-flavor Nambu-Jona-Lasinio transport model

Lagrangian:

¢ scalar  pseudoscalar vector Gpseudovector
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Quark condensate:
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Quank 4-dimensional density:
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v, right after hadronization Final v,
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Phase diagram from NJL model



Lagrangian:
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Free Fermions:
L=y (y"10,-m)}y  H =7r%—l’t”— L ,__ Ot
Partition function: 0@y /ot)
Z — Tr[e_ﬂ(H_@ ] converse baryon charge

INZ = zvj [Bo+ In(L+ ey 4 InL+e )] o _T |z
) ®=+p>+m°
NJL system 5
= > a("io, -M)a+Ly, id, =i, _§va

q=u,d,s

H— quj/oq — ﬁ — ﬁc_]j/oq reduced chemical potential ﬁ = 1 — EG\/p
3

Thermalpotential Q=014 + Qquan + Quero

Qcond — _Lden 0Q) —
Y B
quark — g
q ud,s with cut-off parameter A

N ) [ L

quds



Quark mass (Quark condensate) g, =G, /G

NJL Phase diagram
(chiral transition)
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NJL model with polyakov loop
Polyakov loop:
L(X) = Pexp[— igjOﬂ dx, A, (X, x4)} A,: gauge field

| = NiTr[L]

C

Thermal potential
Q=0 g+ 2quark T 2gero €2

Zero polyakov

Qo =—2T Y j P lindet(@+ Le ") + Indet(L+ Le " & ™)]

g=u,d,s )

bT{54e I+ InfL- 61 - 3(7f +4(°+ 1)

@)

polyakov —
Taken from Kenji Fukushima, PRD (2008)
0Q2 _ .9 _ 8_(2 0

09, ol ol




Polyakov loop: order parameter of deconfinement

The expectation value of the Polyakov loop and its
correlation in the pure gluonic theory can be written as [65—67]

= (l(x)) = E_’qu, b = (51(;13)) — e_ﬁfﬁ! (4)
(7 () £(y)) = e P, (5)

Here, the constant f, ( f3) independent of z 1s the excess free
energy for a static quark (anti-quark) in a hot gluon medium?’.
Also, fgq(x — ) 1s the excess free energy for an anti-quark at
x and a quark at y.*

Kenji Fukushima and Tetsuo Hatsuda, Rep. Prog. Phys. 2011

Table 1. Behaviour of the expectation value and the correlation of

the Polyakov loop in the confined and deconfined phases in the pure
gluonic theory.

Confined Deconfined
(disordered) phase  (ordered) phase

Free energy fq =00 fq =00
, _ _ _ —mMr
faq ~or fag ™~ fqt+ fata
Polyakov loop (£} =0 £y £ 0

(r = o0) (LT (r)e(0)) = 0 (T () E0)) = [ #£0




Quark mass/condensate
(chiral transition)

pNJL Phase diagram
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Isovector couplings in NJL model

3
Scalar-isovector coupling G ;¢ Z[(ﬁriﬁqjj + (giysA,q)*]
a=1 a=1"3
3 Pauli Matrics

Vector-isovector coupling Gy Z[(E’?yiafﬂz+(5’}'5}’g/1aff)2] In isospin space

a=1

Dynamicalmass M, = m; —2Gqo; + 2Kojor —2G 513i(0, — 04)

1.0 ———————r
0.8 -
i - 06 G_=R*G_
Mass splitting 2 R s ls
foru and d quarks, IR =014 |
especially near “PI R =
the phase boundary ;E =
% 200 F
H. Liu, JX, LW. Chen, s |
and K.J. Sun, PRD (2016) > 100 | R=0.14
i RW_O
U 1 ] ! ] 1 ] 1 1 | 1 ] 1 ]

0 100 200 300 0 100 200 300 400
1 (MeV)



T (MeV)

Phase diagram from (p)NJL model
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Polyakov potential:
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and K.J. Sun, PRD (2016)
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Isospin effect on susceptibility from pNJL
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Susceptibility from different assumptions
of chemical freeze-out lines
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What if the chemical potential line is very close
to the phase boundary (0.98)
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What if the chemical potential line is very close to
the phase boundary (0.98)
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Isospin splitting of parton elliptic flow

*2
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K.J. Sun et al., in preparation
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Symmetry energy from NJL model
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Summary

 Elliptic flow splitting between particles and antiparticles
* HBT correlation, radii, and chaoticity parameter
* Isospin effect on phase diagram and susceptibility

Original structure of AMPT Structure of AMPT after improvement
A+B A+B

HLJING energy in nucleon HLJING energy in nucleon

excited strings and minijet pattons spectators excited strings and minijet

Parton cascade

Quark Coalescence

Parton transport with
NJL mean-field potential

Mix event coalescence

Hadronic transport with mean-field potential, l

Hadronic rescattering ect charse violation

Suitable for top RHIC and LHC Suitable for RHIC-BES and FAIR-CBM



S (GeV) A R, (fm) | R. (fm) | R (fm)
cascade |[0.673 1 0.007|5.58 £ 0.034.75 1 0.03 (4.39 £ 0.03
7.7 | mean-field |0.719 4 0.007|6.16 + 0.04|5.53 4+ 0.04 |5.51 4+ 0.04
expt. 0.532 4+ 0.007[5.57T4+0.13|4.934+0.10|5.01 +£0.11
cascade |[0.663 £ 0.007|5.59 £ 0.03(4.72 1+ 0.03 [4.39 £ 0.03
11.5 | mean-field [0.704 + 0.007 | 6.33 + 0.04 | 5.54 + 0.04 |5.67 4+ 0.04
expt. 0.508 £ 0.004|5.68 £ 0.07|4.79 &+ 0.05|5.43 4+ 0.07
cascade [0.656 1 0.007|5.60 £ 0.034.78 = 0.03 [4.43 £ 0.03
19.6 | mean-field |0.698 + 0.008 | 6.30 4+ 0.04|5.48 + 0.04 |5.76 4+ 0.04
expt. 0,498 £ 0.002[5.84 +£ 0.05|4.84 4+ 0,03 |5.80 4+ 0.05
cascade |[0.651 &£ 0.007|5.60 £ 0.034.78 == 0.03 [4.49 £ 0.03
27 | mean-field [0.689 4 0.008 |6.41 + 0.04|5.51 + 0.04 |5.88 4+ 0.04
expt. 0.492 £ 0.002[5.82 £ 0.03|4.80 4+ 0.02|5.99 4+ 0.04
cascade |[0.655 1 0.007|5.63 £ 0.034.79 1 0.03 [4.55 £ 0.03
39 | mean-field |0.678 + 0.008 | 6.42 + 0.04|5.53 + 0.04 |5.95 4+ 0.04
expt. 0.491 +£ 0.004 | 5.86 +£ 0.07(4.97 4+ 0,05 |6.18 4+ 0.08




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) =

Gf(?"p.f) p . p) h
- - -V, 1) _ Zan) oV ofly L B
df m Jrp, 1) h 5lﬂl 21?1’ ?p }1" (r, I)f(’r‘p.f] =

First term:
af (rp.t) drg dpgdsf( r }_(—is] P
: T "
Y ik 0P0 100 === " 7

x expfis - [p— P(ropos, 1)]/h}é|r — R(rgpgs, t)]
+ exp{is - [p — P(ropos, )]/}

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



Noting that

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

drg dpod
So f IO f(ropo- 1o) explis - [p — P(ropos. 1)]/h}
(2mh)-

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
_ SiHi%?: : Tf';f } Viir,t) 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

I (ropo, to)

b4




Put everything together:

dR(rgpos, I
|:_1‘_ (7o Po ]+£] -V, f(rp, 1)

ot m
drodpgds (—18) 0P
+f Qrnh) f':'r“p“‘m}[ Y
V(ir—5.0)—-V(r+3,0]
B i ]

x exp{is - |[p — P(ropos, t)]|/l}
x 8|r — R(ropgs, )] = 0.

Momentum-dependent potential:

. . One more term in BV equation
‘ Equations of motion:

SR p +%singvvp.v:}/(R,P,t)f(R,P,t)
o
ar iy %:E_I_va
oP a m
—=V[(R-=1) =V s oP
o= (R z‘r) | (R+2,r)f ) = VV(RY
a'"'-'erA

Calculate phase-space distribution function J (7', P:1) = N glr — ri(H1glp — pi(1)]

=1



Explanations for v, splitting

Chiral magneticwave
; V() < V()

=> electric quadrupole moment

Y. Burnier, D. E. Kharzeey, J. F. Liao,and H. U. Yee, PRL (2011) s i

Different v, of transported and produced partons
J. C. Dunlop, M. A. Lisa, and P. Sorensen, PRC (2011)

Different rapidity distributions of quarks and antiquarks
V. Greco, M. Mitrovski, and G. Torrieri, PRC (2012)

Conservationof baryon charge, strangeness, and isospin
J. Steinheimer, V. Koch, and M. Bleicher, PRC (2012)

Different mean-field potentials for particles and their antiparticles
JX, L. W. Chen, C. M Ko, and Z. W. Lin, PRC (2012);
T. Song, S. Plumari, V. Greco, C. M. Ko, and F. Li, arXiv:1211.5511 [nucl-th];
JX, T. Song, C. M. Ko, and F. Li, PRL (2014)

Different radial flows of protons and antiprotons

X. Sun, H. Masui, A.M. Poskanzer, and A. Schmach, PRC (2015)

Hydrodyanmics at finite baryon chemical potential
Y. Hatta, A. Monnai, and B.W. Xiao, arXiv: 1505.04226 [nucl-th]; 1507.04909 [nucl-th]
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Formulae of HBT correlation

o) = L5 K e ()P dirr el = o m
-\ - IS(I‘*.k* )d4r* [ —ik*r* F ZI} 1. 3£j—|—fc( G([.::I]]
Coulomb penetration factor Au(n) = 2 lexp (2mm) — 1]
no= (Ka)™ ac Bohr radius

Coulomb s-wave phase shift d. = argl'(l + in)

§ = k'r* + Bt p = k'r’
' ' —1

fe(k™) = L}—G + %duk*z - ih(nj —ik™A.(n)

Strong interaction Coulomb force

F, G, h are special functions



EQOS effects on the directed flow
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EOS of quark phase from NJL

A aﬂ i
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Directed flow from AMPT+NJL
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Spin dynamics In intermediate-
and low-energy heavy-ion collisions SI B U U 12
Frontiers Of oSN 2s-0462 - Boltzmann-Uehling-Uhlenbeck equation

October 5 dpd’pidips;
-5{ vV VU -Vf= — f-"—'-(*i;-)—q—o'v]z[ffz(l — £ (1= £y)

P /=
hys l cs —f (1= A= f)1Q27)°8(p +p2—pi —p3)

test—particle method
C.Y. Wong, PRC 25, 1460 (1982)

Density evolution in HIC

equations dr p

dp
- — = — =-VU
of motion dt  m dt

Spin-dependent Boltzmann-Uehling-Uhlenbeck eq
. p) = e(F.p) + h(F.p) - 7,
density ~ , ~ FE D) = fo(F.p) + g7, p) - 7. -
L~ af it 1{0¢ of of o2 L (o of of oz |
radi@l & U N W o (2 V- 25,

a T h s\ap ortor op) 2\oF o5 op oF
2::‘(5 ‘Q test—particle method
Y. Xia, JX, B.A. Li, and W.Q. Shen,
Phys. Lett. B (2016)
5 Higher Educaton Press @) Springer . spin-dependent equations of motion
dar p ~ dp ~
— . X _Pov @+h-A) Po_v(e+h-n)
invited review, selected as cover story dt m P dt
JX, B.A. Li, W.Q. Shen, and . Xia, dn

2 oh xii N spin expectation direction
Front. Phys. (2015) dt 2h>n n sp g



Spin-dependent Hamiltonian from NJL model

Euler-Lagrange equation Calculated from Eq. (8)
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Equations of motion for partons and the extended AMPT model
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Spin polarization from vector interactions

Consider quark spin in NJL Hamiltonian
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Effects on the different baryon and
antibaryon polarizations
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Baryon spin: quark spin, gluon spin, quark angular momentum, ...
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