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Transport Model
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129Xe+120Sn

Ebeam = 65 MeV/n

b=1 fm



Transport Model
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Nucleon-
nucleon 
collisions

Interaction 
among 

nucleons

Wavefunction :

Potential :

In-medium cross-section :



What Can I Do with QMD?

8

ØReproduction of experimental results

ØTest of various potentials

ØTest of EOS parameters

ØFinding new observables

Ø ...



Nuclear Equation of State
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<Incompressbility>

K=380 MeV

K=200 MeV

ref. A. Le Fevre, et al. NPA 945 (2016) 112 



Nuclear Symmetry Energy
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<Neutron star>

P. Demorest et al. Nature 467, 1081–1083 (2010)

various symmetry energy assumption
A. W. Steiner, et al. P.Rept 411 (2005) 325 



Nucleon Effective Mass



Observables
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ref. Lie-Wen Chen, et al. PRL 90 (2003) 162701 

neutron-proton correlation pion production ratio

ref. T. Gaitanos, et al. NPA 732 (2004) 24 

Flow observables
ref. P. Russotto, et al. EPJA 50 (2014) 38 



New Observables
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• neutron-to-proton ratio

• neutron-proton differential flow

• neutron-proton correlation function

• t/3He, !+/ !-, K0/K-, ...

• ...

What is the new observable at RAON?



Transport Model
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Development of a new QMD code

Transport model

Boltzmann-Uehling-Uhlenbeck(BUU) Quantum Molecular Dynamics (QMD)

ü Less fluctuation, Good to study EOS
ü Not good for event generator

Ø Code(DjBUU) developed by 
external experts: S. Jeon (McGill 
Univ), C.-H. Lee(Pusan Nat’l Univ.)

ü Good for event generator (event by 
event analysis)

ü More fluctuation, More CPU time
Ø Code development mainly by KK 

with K.S. Lee(Chonnam Nat’l Univ)

Simulation sample by QMD
197Au+197Au at b=7fm
with the beam energy 100MeV/n
(averaging 1000 events)



BUU vs QMD
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<BUU>

One nucleon N test particles One nucleon One nucleon

<QMD>

moving in the mean field

n-body Hamiltonian based
statistically good!

event by event analysis!



Transport Model
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Nucleon-
nucleon 
collisions

Interaction 
among 

nucleons

Wavefunction :

Potential :

In-medium cross-section :



QMD Model - Potential
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Skyrme parametrization for NN potential

Ref.) M. Papa PRC 64(2010)024612

Gaussian w.f.Nucleon -> Gaussian wave packet



QMD Model - Initialization
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d > 1.5 fm

<Initialization>
Gaussian w.f.

‘R’ from Thomas-Fermi model

momentum of a nucleon is also chosen in the range of 0~

Only the set which gives the binding energy within 5% difference with
experimental (or theoretical) data will be selected.



QMD Model - Initialization
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<Stability check>

40Ca

197Au



QMD Model - Comparison
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ref. J. Xu, et al. PRC 93 (2016) 044609 

Our QMD



QMD Model - Propagation
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<Equation of Motion>



QMD Model - Collisions
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br1 r2

In classical scattering,

! < #$ + #&
Two particles are always scattered.' = π #$ + #& &

In our model,

If a distance, d, between two nucleons is smaller than b, 
d<b, a collision is always tried.

Here, *+,+ is in-medium cross-section.

7

FIG. 2. Occupation number at the position of each nucleon along time for 197Au. 1000 events are

averaged.
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Cluster Recognition and Second De-excitation

After the nucleus-nucleus collision, the projectile and the target nuclei are broken into

many fragments. Nucleons in some finite range are regarded as a nucleus. To determine the

criterion for a nucleus, we use the minimum spanning tree(MST) algorithm. If the distance

between two nucleons is less than 3.5 fm, we put them in a same nucleus. Typically, the



QMD Model - Collisions
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Ref.) G.Li and R.Machleidt PRC 48, 1702, PRC 49, 566



QMD Model – Pauli Blocking

24

<Phase space density for i th particle><x-space> <p-space>

Occupation number



Role of NN Collision
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w/o collisions

w/ collisions



Differential Flow
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6 FOPI Collaboration / Nuclear Physics A 876 (2012) 1–60

ing advantage of the symmetry of the system we then apply reflection symmetry on the y0 = 0
axis, lower left panel and, finally, after some smoothing [48,40] we fill some of the small gaps
that remained by two-dimensional interpolation. The resulting two-dimensional distribution cov-
ers most of the phase space except for low transverse momenta. It is in this phase space that we
are able then to determine the flow fields describing the azimuthal emission dependences shown
in Fig. 2.

Owing to collective flow phenomena, discovered experimentally in 1984 [1,2], it is possible to
reconstruct the reaction plane event-by-event and hence to study azimuthal correlations relative to
that plane. We have used the transverse momentum method [49] including all particles identified
outside the mid-rapidity interval |y0| < 0.3 and excluding identified pions. Pions, in this context,
were only found to be important at the highest SIS energy, but then contributed primarily to the
reaction plane fluctuation.

We use the well-established parameterization [42,43]

u = (γ , β⃗γ ); ut = βtγ (1)
dN

ut dut dy dφ
= v0

[
1 + 2v1 cos(φ) + 2v2 cos(2φ)

]
(2)

v0 = v0(y,ut ); v1 = v1(y,ut ); v2 = v2(y,ut ) (3)

v1 =
〈
px

pt

〉
=

〈
cos(φ)

〉
; v2 =

〈(
px

pt

) 2

−
(

py

pt

) 2〉
=

〈
cos(2φ)

〉
(4)

where φ is the azimuth with respect to the reaction plane and where angle brackets indicate av-
eraging over events (of a specific class). The Fourier expansion is truncated, so that only three
parameters, v0, v1 and v2, are used to describe the ‘third dimension’ for fixed intervals of rapidity
and transverse momentum. The adequacy of this truncation for the 1A GeV beam energy regime
was already noted in Ref. [50] where this kind of Fourier analysis of azimuthal distributions was
probably first used. Due to finite-number fluctuations the apparent reaction plane determined
experimentally does not coincide event-wise with the true reaction plane, causing an underesti-
mation of the deduced coefficients v1 and v2 which, however, can be corrected by dividing events
into randomly chosen sub-events [49,51]: as explained in more detail in [45], we have used the
method of Ollitrault [52] to achieve this. The correction factors (for the ERAT selection) are listed
in a table that can be found in Appendix A. The finite resolution of the azimuth determination is
also the prime reason why the measured higher Fourier components turn out to be rather small.

Alternatively to the three Fourier coefficients, one can introduce the yields Q1, Q2, Q3, Q4
in the four azimuthal quadrants, of which only three are independent (on the average over many
events) due to symmetry requirements

Q2 = Q4 (5)

Q0 = Q1 + Q2 + Q3 + Q4 (6)

Q24 = Q2 + Q4 (7)

More precisely, the flow axis is defined to be the median axis of quadrant Q1 which extends from
φ = − 45◦ to 45◦ relative to the reaction plane located by definition at φ = 0. Thus, Q3 is the
‘antiflow’ quadrant, while Q2,4 are the out-of-plane quadrants.

The two equivalent triplets

v0, v1, v2 ←→ Q0,Q1,Q24

Z(beam direction)

px pxpy
py



Sn+Sn Simulation
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v 112Sn + 112Sn and 132Sn + 124Sn at Elab = 200 MeV/n

v impact parameter, b = 5 fm

v number of total event = 20,000

v asy-soft (!=0.5) and asy-stiff (!=2) EOS

v under the pion threshold energy



Density and Isospin Density
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Density (left) and isospin density (right) at the center of the Sn+Sn system

• The duration time for the supra-saturation density is ~20 fm/c.
• The isospin density when the asy-soft EOS is used is larger.

cf.)



Observables – n/p Ratio
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<n/p ratio – 132Sn+124Sn><n/p ratio – 112Sn+112Sn>



Observables – Double n/p Ratio
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ref. D. D. S. Coupland, et al. PRC 94 (2016) 011601

Double neutron-to-proton ratio 
from NSCL data

QMD simulation



Observables – v1
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v1 of the emitted nucleons from Sn+Sn collisions

Here, y0 is the rapidity of a nucleon of projectile in the center of mass frame.



Observables – v1 with pt cut
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v1 of the emitted nucleons from Sn+Sn collisions with pt > 300 MeV



Observables – v1 from FOPI Data
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• v1 of light particles of 
197Au+197Au collision from 
FOPI data

• 3.3 fm < b < 6 fm with pt cut

ref. Reisdorf, et al. NPA 876 (2012) 1



Observables – v1p-v1n
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The difference of v1 between protons and neutrons

When the asy-soft EOS is used, the difference is larger.



Observables – v2
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Observables – v2 from FOPI Data
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• v2 of the emitted protons of 
197Au+197Au collision from 

FOPI data with y0 range

ref. Reisdorf, et al. NPA 876 (2012) 1



Observables – v2n-v2p

37



Observables – v2
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Observables – v2 from FOPI Data
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ref. Reisdorf, et al. NPA 876 (2012) 1



Stopping Ratio
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O. Lopez et al. PRC 90, 064602 (2014)

<Energy-based isotropy ratio>



NN Cross Section in Medium
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Z. Basrak, P. Eudes, and V. de la Mota
PRC 93, 054609 (2016) L.Chen and B.Li PRC 72, 064611 (2005)



129Xe+120Sn Simulation

42



Density
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Results
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Results
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Summary
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§ We investigate the energy-based isotropy ratios of protons 

and neutrons in 129Xe+120Sn with our QMD code.

§ These ratios have a dependence of symmetry energy.

§ As well as the potential, the in-medium NN cross-section 

gives large effect on the ratio.

§ We have a plan to investigate the effect of nn- and pp-

cross section splitting in asymmetric matter to the ratio.



Thank you for your attention!!


