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Part |
Esym and probes in HIC



Nuclear symmetry energy

EOS for infinite nuclear matter (parabolic approximation):

E(p,5) = Eo(p) + Esym(p)|52 +O(54)’5 _ Pn ~ Pp
P

isospin asymmetry

Our knowledge about EO and Esym:

80 ' | ' ™7
Eo(0.16fm3) ~ -16 MeV (from Liquid-Drop) o e o )
other densities from GMR, kaon production, flow... < >’ |
S ol 297 -
Esym(0.16fm3) ~ 30 MeV (from Liquid-Drop) E _ ]
other densities from Esym probes... i ,,/ oM B ;

plp,

Ksm
Ean(P) = Egn(p0) + Ly +— 1 +0(°) y=(p—p,)/3p,

dE
Slope L=3p,— Related to incompressibility of
parameter: p=pq asymmetric nuclear matter:
Curvature d*Egyn Jo <2 2
. Ksym=9,0§ ] 2y Kot = Ko + Ksym_GL_—0 o +O(5 )
parameter: o 0




Symmetry potential

Mean-field potential:
Neutron: +
o€

U =—2t U ,=U,xU,, 5+U;)56°+0(5) Proton: -

sym

Relation with symmetry energy (from Hugenholtz-Van Hove(HVH) theorem):

1 10|t(p)+U, (p, Single-particle kinetic energy:
Esym(p):_usym(p1 pF)+_ [(p) O(p p)] *Pe 2
2 6 op o-b: t(p) = p*/2m
L(p) = gusym(p1 Pe)+3US (0, Pe) + aL;Fs)ym - Pe C. Xu and B.A. Li, PRC, 2010
P=Pr
2
L 1altp) +Us(p. p)] p 4 19 [t(p)+Lio(p, p)] 2
6 ap P=Pe 6 8p P=Dr
For momentum-independent potential: U sym — 2 ESF;,?;
kin pot :
— k
Esym Esym T Esym E;m(0,) ~12.5MeV (SRC ?)



Nucleon effective mass

-1 —*
T m ouU_(p,
P_mass mr — 1+maur(p’gr(p)) E_mass T :l_ T(p gr(p))
m P op m os,
r=np Z.X. Li, Nucl. Phys. Rev. (2014)
Dirac mass: m’;irac,f =m+x’ ¥’ scalar self-energy

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

Comparison between non-relativistic mass with relativistic mass
Lorentz effective mass:

. du ax? ax® .
m =m|1-—2C | =(E. =329 1-—= |—-(M+X%)—2+m—-E_=m +m-—E
Lorentz,r ( E j ( T z’) dE ( r)dE T Landau,z

T

T
T

M. Jaminon and C. Mahaux, PRC (1989); B.A. Li, L.W. Chen, and C.M Ko, Phys. Rep. (2008)

*

. P .
Landau effective mass: Miangaur = P dE density of states

0 S
m:andam = (E, —ZS)[l— ﬁ ] —(Mm+ZX?) 3? ZS: time component of vector self-energy

T

T



Isospin effective mass splitting

E(p,0) =Ey(p)+

E,.(0)p

2L 0(5%),5=L "

Isospin dynamics in nuclear reactions
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Related to symmetry energy
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Metastable n/p or t/*He ratio:
probes of Esym at subsaturation densities

F.~ F,» F3representing 3 parameterizations for
Esym from stiff to soft
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R”b[[1243n+'24Sn)#(”25n+"28n]]

Further studies of n/p ratio

Propose to measure double n/p ratio T M, oL
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DR(n/p) and short-range correlation

‘Eﬁ‘ scattered
v electron
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Neutron-proton collective flow:
probes of Esym at subsaturation densities

Esym (,0) — Esym (100)(10/100 )7
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Isoscaling of produced fragments:
probe of Esym at subsaturation densities

—
0.361N—-0.417Z
€

M.B. Tsanget al., PRC, 2001
M.B. Tsang et al., PRL, 2001

Ratios of produced isotopes or isotones
Satisfy the exponential relation

R,(N,Z)=Y,(N,Z)/Y;(N,Z) «cexp(aN + fZ)

| N:neutron number, Z: proton number,

Y, and Y,: multiplicities in 124Sn+124Sn and

1 1125n+1128n reactions, a and B:isoscaling
| parameters

_AEsn(pT) (le _(é}z
T A A,

Z, and Z,: neutron number of fragments in
1246n+1245n and 112Sn+112Sn reactions;
A;and A, : mass number of fragments in
124Sn+124Sn and 112Sn+112Sn reactions



Further analysis of Isoscaling
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Isospin diffusion:
probe of Esym at subsaturation densities

1.0 Isospin diffusion coefficient

—

R.

0.5}
0.0 _.QD ® & o o _ 2X = Xip4124 ~ X1124112

0.5
1.0
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05|
-1.0]
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Es@m(p) 2121(,0/,00)2

1128, 12480

I 124Sn,1128n

skm

ESn(p) =38.5(0/py)—21.0(p/ o) ]

——

100 150
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M.B. Tsang et al., PRL, 2004

|
X124+124 o X112+112

X can be any isospin-sensitive tracer. It
can be the isoscaling coefficienta, or
the average isospin asymmetry of
reaction residues.

For 124Sn+124Sn reaction, R=1,
For 112Sn+112Sn reaction, R;=-1



Strength of isospin diffusion 1-R,
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Further analysis of 1sospin diffusion
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New isospin diffusion data
Compared with ImQMD

M.B. Tsanget al., PRL, 2009
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Ratio

Preequilibrium n/p ratio or t/°He ratio:
probe of Esym at suprasaturation densities

3.0

2.5

1.5

1.0

2.0

Sn132+5n124@400MeV

LR
—n—x 1t

| - o -1tk i
—s—3=1,np
- o- ¥=-l,np fr
II|

B Lvpl, L. 7
‘g | Ir_lx ' m ¥

0.8 04 00 04 08

..

G.C. Yonget al., PRC, 2009

Esym (/0) — Esym (pO)(IO/pO )7

1.60 1

1.55 1

1.50 +
. 1.45 1
o ]
"-é 1.40—-
X 1.35-
()]

T 2 Sn132+8n124@200MeV/Sn112+8n112@200MeV
1.30 1 b=5fm

1254 77 —— = 0.5, soft Esym
- — —y =2, stiff Esym

1.20 1

0.00 005 010 015 020 025 030 0.35
Ekin (GeV)

Jun Xu, Kyungil Kim, and Youngman Kim, here, 2016



t/nt ratio:

probe of Esym at suprasaturation densities

N+N——>p+A A >N+ 71T
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P+p——n+A" AT >F)+ﬁ7+

A stiffer Esym leads to a less neutron-rich high-density
phase and a smaller rt-/mt* ratio.

B.A. Li, NPA, 2002
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n/n

Studies on /" ratio and Esym
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Pion mean-field effects
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Pion threshold effect

scattering
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Pion s-wave and p-wave interaction
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KO/K* ratio:

probe of Esym at suprasaturation densities
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parameterizations of RMF,
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A more neutron-rich high-
density phase leads to more
K%, and generally a larger
KO/K* ratio (other effects?
threshold, Kaon potential).
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More detailed studies on effects from Esym
and mv*
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Covariance analysis Blue:
T cov( A, B) negative correlation
Cap = r - Red:

r;r(fl}r:r(B} Positive correlation
Y.X. Zhang, M.B. Tsang, Z.X. Li, and H. Liu, Y.X. Zhang, M.B. Tsang, Z.X. Li, and H. Liu,
PLB. 2014 arXiv: 1507.06718 [nucl-thl
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Part I
transport comparison project

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>l|Joerg Aichelin.®
Maria Colonna,” Dan Cozma.” Pawel Dantelewicz.” 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'




Nuclear EOS, E,

How reliable? t
Mean-field

potential

Heavy-ion
experiments

Transport simulations

Initialization Mean Field NN scatterings

theoretical uncertainties?

e e Compare results from various models



History of Transport Model Comparison Project

* Trentol (2004): energy 1-2 GeV/A, emphasis on particle
production K

mean field and Pauli blocking not quite so important
Summary Published in J.Phys. G 31, 741 (2005)

* Trentoll (2009): energy 100, 400 MeV/A
Uncertainties not well understood, results not published

e Shanghai (2014): Mainly 100 AMeV, also 400 AMeV
observables: stopping, flow

Nonobservables: stability, scattering and Pauli blocking rate
Results published in Phys. Rev. C 93, 044609 (2016)

« Zoom(?) (2016): box calculation (Cascade, Vlasov, pion
production)




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
Phys. Rev. C 93, 044609 (2016), arXiv: 1603:08149 [nucl-th]




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

ImMQMD-GXNU: low-energy fusion reaction
Find representative references for each code in
Phvs. Rev. C 93, 044609 (2016), arXiv: 1603:08149 [nucl-th]



A taste of BUU-type models

. . ) T L.
BUU equation: (df +_ vV, -V, U.V )f('?‘n;i';ﬂ = Ioon|f; 012]

1 dﬂ_i"ﬂt_.d
IE‘.EH — {Zﬂ_)ﬂ / Lo — 13| EQ {ZTI':ISSI:FF —I_EJE T pE T j'}-’-i)

[fafa(1 = F)(1 = f2) = ffa(l = f3)(1 — fa)]

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)
NrpA

f(Fpit) = Z g(F — 7 (£)3 (7 — pi(t))

Equation of motion from pseudopartlcle method:

d7;/dt =V H;  dp;/dt = —Vz H.



A taste of QMD-type models

Total wave function as products of single-particle wave function:
U(ry,...,rnit) = o (7 t),
o 1 [ (7, — R(t))?

Pilriit) = (27)3/4(Ax)3/2 exXp

Wigner function (phase-space distribution):

(., p)= (1)3exp|:— (F -R (tz))z }exp{— (ﬁ - |5i(t))2 : 2(Ax)2}

7th 2(Ax)

Canonical equation of motion:

dR,/dt=V,H,  dP/dt=-V H

Ch. Hartnack et al., PRC 495, 303 (1989); J. Aichelin, Phys. Rep. 202, 233 (1988).

AMD and FMD: wave function antisymmetrized



Homework list for heavy-ion part

Mode B). Au+Au@100 AMeV b=7and 20 fm

B.1) No Surface Term mode: Turn off the surface term in 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 potenfials in B.T mode

B-Cascade: only NN scattering

Mode D). Au+tAu@400 AMeV b=7fm

D-Full: 400AMeV, both mean field and NN scattering

Try to have:

Same reaction condition: initialization (space, momentum)
Same mean-field potential and constantisotropic NN scattering cross section

BUU: 100 test particles, 10 runs; QMD: 1000 events



Stability (b=20 fm)

02 _ BLOB | GIBUURMF | 02-  AMD  L__IQMD-BNU |

=\ Bubble 7 0.1 wblex\\

02 aMb | CoMD | t  fmlc
0_1""' Stable | Stable| —— O

I 20
‘?,__\0_2_____“ _IBUU | pBUU 1s~0.2 TQMD CIAE[ ™\ 1Q 40

|Eo1. I N\ I 60
. | | | 80
| 100
120
140

0.2

. IQMD-SINAP
0.1 |

0.2
0.1
0.0

Collisions can serve
as a damping effect.




Density evolutionat b =7 fm - BUU

average over 1000 events

t=0 20 40 60 80 100 120 140 fm/c olp.
200 ®| 0|9 K55 =, “BLOE .g;
0% 0 & F s “GBUU-RMF 0.3
_22- 8 O &S, 5 S, “GIBUU-Skyrme g-:
AQOQO' § S S "L 06
%22@ "@@3’.4’..‘IBUU -0.7
% ® 8 & LS > U I
_2200 & & F o RBUU 1.0
2OO O &F s, “RU 1;
b LILAL A < e T ..
high p => high p 2 (M) 40 fm/c: maximum compression

Density => attempted collisions, mean field 60-80fm/c: sideward flow developed
Pauli blocking => successful collisions Around 100 fm/c: neck



Density evolutionatb =7 fm - QMD

t=0 20 40 60 80 100 120140 fm/c 2verageover 1000 events

19 ® 0 &P FpSD amD e
% 0 01’} ﬂ {}QMD-BNU .22
% ® 0 OFPe% S Jawo o
e O\ @o® S CowD >
%_zg O\P L < dmavpciae ]
QP % 9 Yavp-ivp 0.8

:g FPo% G diamp-siNap ?3
%% 0 &P G fTuawp '
0O @ @)@3 4 Yuravp |

200620 200 20 200 20 20 0 20 20-40 fm/c: stopping
high p => high p z (fm) 40 fm/c: maximum compression
Density => attempted collisions, mean field 60-80 fm/c: sideward flow developed
Pauli blocking => successful collisions Around 100 fm/c: neck



Fluctuationin BUU and QMD

4 runs with 100 TPs per nucleon

IBUU, b =7 fm, B-Full, t = 100 fm/c

20

10

0

P
E ol

plp,

Fluctuationrelated to N,

0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0

1.1
1.2

4 individual events

ImQMD-CIAE, b = 7 fm, B-Full, t = 100 fm/c
20 LA I — T T T T T f
I P/Po

Fluctuationrelated to
the Gaussian width



Rapidity distribution (B-mode)

Au+Au,b=7 fm

800 - B-initial - 'BUUIB-initial = QMDA BuU
_ | e P BLOB
' "% | ---- GIBUU-RMF
400 % | —— GIBUU-Skyrme
, 7 e IBL
50l IBUU
...... pBUU
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400 £ 3 et N + & BoF N e RVUU
> L4 SN LT Yy e SMF
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E 808
Initial O -QMPAMD
distribution, 4o, | ——— IQMD-BNU
successful N, |—1QMD
collision=> % |-+ CoMD
800 A e ImQMD-CIAE
[ e IQMD-IMP
------ |QMD-SINAP
400 7---- TuQMD
---------- UrQMD




Rapidity distribution (Full mode)

Au+Au,b =7 fm

800 —100 AMeV

400 |-

*—‘w-:‘"
e
.

L s

BUU

R

4 stronger stopping

dN/dy

400

Good 200
convergence

y/ybeam

---- GIBUU-RMF
—— GIBUU-Skyrme

S [ IBL

— IBUU

— IQMD-BNU
— 1QMD

| === CoMD

.............. ImQMD-CIAE
~emme |QMD-IMP

| ----1QMD-SINAP

---- TuQMD
---------- UrQMD

400AMeV: weaker Pauli blocking, less sensitive to initialization,

good convergence of N__, at larger s



X

<p./A> (MeV/c)

Transverse flow (B-mode)
IAu+Alu, b = 7 fm, 100. AMeV

-4,
.....
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TR N B-Vlasov 1 - BLOB
% QMD | ---- GIBUU-RMF

—— GIBUU-Skyrme

. |
T - W IBUU

R G I T v pBUU
P RBUU

 attractive
| | |

i B—ICalscédel

ﬂﬂﬂﬂ

...... AMD
— |QMD-BNU
— IQMD

e [IMQMD-CIAE
--------- IQMD-IMP
-+ |QMD-SINAP
---- TuQMD

, , , | , | , | , UrQMD
-1.0 -0.5 0.0 0.5 -1.0 -0.5 0.0 0.5 1.0

ihat L1 P

balance energy -~
| ! | !




Transverse flow (Full-mode)

Au+Au,b =7 fm

BUU

-===- BLOB

et oo - GIBUU-RMF
—— GIBUU-Skyrme
-------------- IBL
—IBUU

X

<p /A> (MeV/c)

400 AM ev _..-."“'

Convergence__
better ]

y/ybeam
Uncertainties: initialization, Pauli blocking

| ——1QMD-BNU
——1QMD

~—-- CoMD
.............. |mQMD_C|AE
~mrer=- |QMD-IMP
~--=-=- IQMD-SINAP
---- TuQMD

0.0 0.5 1.0 UrQMD
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Theoretical uncertainties of flow parameter:
about 30% at 100 AMeV, 13% at 400 AMeV



Transport2016 - box calculation

Common setup: L*L*L box with periodic boundary condition (L=20 fm)
1280 nucleons=>saturation density

Hw1: Cascade calculation, constantisotropic NN scattering cross section,
uniform, Fermi Dirac
CTO, CT5: T=0and 5 MeV without Pauli blocking
CBOP1TO, CBOP1T5: T =0 and 5 MeV with Pauli blockingin each code
CBOP2TO, CBOP2T5: T =0 and 5 MeV with ideal Pauli blocking

Hw?2: Vlasov calculation, p(z)= py +a, sin(kz) k=n2m/L, n=1and 2

Hw3: pion production, N+N<->N+A, A<->N+m, it/ it
(Phasel due date: Jan.27, 2017)

Results of Hwl and Hw2 from Yong-Jia Wang and Ying-Xun Zhang

Initial configuration well controlled
Theoretical answer available



conclusions and outlook

* Nuclear symmetry energy and isospin splitting of
the effective mass are both responsible for the
isospin dynamics in intermediate-energy HIC.

* Transport comparison project can help to extract
the theoretical error bar due to simulation.

* Box calculation is helpful in understanding the
difference in mean field, scatterings, Pauli blocking,
and particle production, eventually reducing the
theoretical error bar.

An agreement in treating each part of the simulation

Towards an accurate description of heavy-ion collisions,
and thus an accurate constraint on Esym!
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Announcement of Transport2017

Transport2017to be held from March 27 to 30, 2017, in Michigan State
University

Mainly focus on box calculation and Bayesian analysis

* Organizing Committee

Akira Ono (Co-Chair),Jun Xu (Co-Chair), Maria Colonna, Pawel
Danielewicz, Betty Tsang, Hermann Wolter, Ying Xun Zhang, Yong Jia
Wang

 LocalOrganizingCommittee

Pawel Danielewicz, Genie Jhang, William Lynch, Pierre Morfouace, and
Betty Tsang



Xujun@sinap.ac.cn



