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E/N (MeV)

Isospin asymmetric Equation of State
E(p,0)=E(p,d=0)+S(p)d% +0(3")

It isa fundamental properties of nuclear matter, and is very important
for understanding

* properties of nuclear structure
o propertiesof neutron star

 properties of heavy ion reaction mechanism
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Symmetry energy on vastly differing length scales

~10Pm p ~10*m
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extrapolation from 2°%Pb radius to n-star radius

C.J. Horowitz, J. Piekarewicz, Phys. Rev. Lett. 86 (2001) 5647
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Probing the Equation of State via Heavy ion collisions
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L (MeV)

M.B.Tsang, Yingxun Zhang, et.al., PRL2009 Lattimer, EPJA 50 (2014) 40
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ﬂnstraints on the symmetry energy at suprasaturation density
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Constraints on symmetry energy depends
on the transport code !




Why the conclusions are different from
different transport codes?

1, Different physics inputs
 mean field potential,
* In-medium n-n cross section,
e Initial density distribution,
2, Different technical assumption for solving
the transport equation
 BUU, QMD, shape of t.p., full/parallel
ensemble, ......

Systematic comparison of transport codes under
the control condition



Efforts on this direction, sincgd04, 2009, 2014, 2015,20186, ....

Transport 2014, Shanghai
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|n the ssmulations of HICs
e |nitial conditions are hard to control

e there Is no theoretical resu
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FIG. 1. Initial density profiles for BUU-type (left) and QMD-type (right) models.
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Design the BOX simulations Homework



Advantages in BOX simulations

* Initial conditions are straightforward to realize,
* We can test collision and mean field part separately

e there are some exact limits available from kinetic theory or
Landau theory,

Keep in mind:

 Fundamental differences may be present between an
idealized kinetic equation and a simulation,

e One cannot expect BUU and QMD completely agree
with each other,



e The box calculations are performed with periodic
boundary conditions (BC).

20fm
*Details of periodic boundary conditions

1. aboxofvolumeV = [*L ,*L ,, where the system is confined.
2. The position of the center of box is2, L,/2, L,/2).

3. In order to keep all particles inside the b@xarticle leaving the box
has to enter it on the opposite side, keepingdhgsmomentum.

HW2, RvUU: -10, 10 fm, GiBUU: -10, 10fm, UrQMD:-10:10fm



Homework 1 (Cascade mode)
iIn BOX simulations

Initialization:
e Uniform density p,=0.16 fm

« A=1280, n=p=640

 Particle positions are initialized randomly fronoQL,.

 Particle momenta areinitialized randomly in a sphere with Fermi
momentum p-=265 MeV/c for T=0 case, or with the Fermi distribution at
T=5MeV

Cross section
e constant isotropic elastic cross section of \sigma=40 mb

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



6 calculations: 3 modes (C,CBOP1, CBOP2),
and 2 temperatures (TO,T5).

Collision without Collision with PB_op1 Collision with PB_op2
PB (same in HIC) (f_i=Fermi-Dirac)

T=0MeV CTO CBoplTO CBOP2TO
T=5MeV CT5 CBoplT5 CBOP2T5



16 transport codes in comparison with BOX condition

BUU-VM S. Mallik CoMD M. Papa
2  GiBUU J. Weil 2 ImQMD Y.X.Zhang, Z.X. Li
3 IBUU Ju Xu, LW.Chen, B.A.Li 3 IQMD-BNU J.Su, F.S.Zhang
4 pBUU P. Danielewicz 4 IQMD-IMP Z.Q.Feng
5 RVUU T.Song, Z. Zhen,C.M.Ko 5 IQMD-SINAP  G.Q.Zhang
6 SMF M.Colonna 6 JAM A.Ono, N.lkeno,
Y.Nara
7 SMASH D. Oliinychenko 7 JQMD T. Ogawa
8 TuQMD D. Cozma

9 UrQMD Y.J.Wang, Q.F.Li



Results without Pauli-Blocking

A. Exact limits of collision rates

Non-relativistic

Weot _ A4 2 / Cod'py o™ £ Fin)
dz — 25 q | {Q'?-T.ﬁ.]lﬁ 'rel (P) fip
1
- 3’4 p (Ve ™04
Fermi Boltzmann {

T=0 T=5MsV| T=0 T=5Ma¥
Non-relativistic  Num. Int. 118.1° 122.1 115.9° 120.1
Cascade 118.2 1221 115.9 120.1
(uasi-relativistic Num. Int. 115.0 118.8 112.3 116.3
Cascade 115.0 118.8 112.3 116.3
Relativistic Num. Int. 111.4 115.4
Cascade (8t = alt) 114.0 117.8 111.4 115.4
Cascade (8t = At) 115.2 119.0 112.7 116.7




Collision criterion
Type A: Closest distance approach

* |In two particle c.m.
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Type B: probability of binary collision

E< P = 'fTLa_J ,ﬂ't-lt SMF
P =1 — e~ 7vigriist CoMD
a 1 #
B Nrp YVeen Uij&&f pBUU
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The way on determining the collision in closest distance
approach, does not preclude the spurious collisions
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Results of without Pauli blocking

dN_ /dt (c/fm)
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Independent of time interval in simulations
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rel Cascade non-rel Boltzmann -
——rel Boltzmann ]
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Fermi Boltzmann Cascade (60-140 fm/c)
T=0 T=85MeV| T=0 T=5MeV| T=0 T=5MeV
Non-relativistic Num. Int. 118.1° 122.1 115.9° 120.1
Cascade 118.2 122.1 115.9 120.1 122.8 127.3
Ouasi-relativistic Num. Int. 115.0 118.8 112.3 116.3
Cascade 115.0 118.8 112.3 116.3 119.0 123.2
Relativistic Num. Int. 111.4 115.4
Cascade (0t = at) 114.0 117.8 111.4 115.4 118.1 122.3
Cascade (8t = At) 115.2 119.0 112.7 116.7 1158.4 122.7



Results of with Pauli blocking
Pauli-Blocking probability: 1-(1-f1)*(1-f2)

In QMD, fiis calculated in each event

fi = f-(Ri. B)

= L . z 1 _o—(Ri—Re)*/2iaz)® gy
:2,-‘[.27&;3 T th}-l
« o= Az /) (P —Fy)?
Y s =4 z o~ (Ri—Ru)*/2(Ax) o —2(Ax/B) (B Pu)®
: kT (k#1)

In BUU, fi is obtained from all test particles
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Time evolution of momentum distribution for CBOP1T5
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1, evolve toward to Boltzmann distribution

2, BUU code is better, while QMD is worse except for CoMD
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the threshold where the collisions should be suppressed most

effectively.

2, By the Fermi energy, the collision rates are seen to converge better

between the codes as the blocking becomes less important.



Pauli blocking only for the first time step

f(p)

.
" |SMF, 12000 TP SMF |- 2Rt

| ——F-D T=5McV 100 TP | :(sbamd
- F-I T=TMeV | " A

|
ol N @] TN o) A (©) )
0 200 400 0 200 400 0 200 400 0 200 400

p (MeV/ie)

 Fluctuation in occupation probability, and can be reduced by increasing N_tp

or width of wf
e a large fluctuation leading to low occupation probabilities, collisions could

occur where they should be forbidden.
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* BUU codes systematically give a smaller variance compared to QMD codes



-
=
2L
w
2/
5[
MI
alr

— |8
a (2
O -
o
O =
S
O |
e an | L
O |8l
|3}
O |3l
cC 2L
O |&}
@ |5
w @l L
Cﬂ.u.u
- N[E
S Tl
o
Qo @
m —
v 3
> 2
)]
S
_I

CSSSa NNy JADIN
= QunonL

LSRN R NN

L

TR Ny JNor

AR

AR

Ry d VNIS-AQWDI

AR

e Gassassnay dii-aDI

oy [INE-ANDI

o s o

RSy diNDWI

RO

B AAARRNRRNNS AR UL

EESIONNoenY Aanaenesahy HSVIAS

oeRR R SRy (1NAYN

AR

e eSSy nnad

T
SESSIRRRRY F ERssssssay (1Nl

o
e 0 ey nato

o
R eas] O S

= = =

(wyo) <Ip/ NP>

e Successful collision rates for QMD are considerably higher than the BUU

* both QMD and BUU can not reach the theoretical limits



Summary and outlook

1, collision probabilities are well under control, after eliminating
repeated collisions between the same pair of particles

2, blocking factor is subject to fluctuations which destroy the
fermionic character of a system

3, fluctuation are physical in heavy ion collisions and lead to
observable effects. Thus they should not be arbitrarily suppressed.
The question of how to control the fluctuation in transport
theories remains an open one.



e HW?2 for BOX simulations, Mean field propagation,
fluctuations, are on going

Maria Colonna’s talk
e HW3 for BOX simulations, pion productions, are
on going

Akira Ono’s talk



Thanks for your attention!



