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Physics Motivation
Nuclear symmetry energy

Esym(ρ) =
1
2

∂2E
∂δ2

∼ E(ρpure neutron) − E(ρsymmtric)

E(ρ, δ)/A = E(ρn = ρp) + Esym(ρ)δ2

ρ = ρn + ρp , δ = (ρn − ρp)/ρ

Esym(ρ) = S +
Lsym

3 ( ρ − ρ0

ρ0 ) +
Ksym

18 ( ρ − ρ0

ρ0 )2

Iso vectorIso scalar
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Collective flow
Fourier expansion of azimuthal distribution

dN
d(ϕ − ψr)

=
N0

2π
1 + ∑

n≥1

2vn cos(ϕ − ψrp)

v1 : Direct flow , v2 : Elliptic flow

v2 = ⟨cos 2(ϕ − ψr)⟩ = ⟨p2
x − p2

y

p2
t ⟩

v1 = ⟨cos(ϕ − ψr)⟩ = ⟨px

pt ⟩
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Data sets
Experiment and ImQMD with 2 parameter sets

INDRA 4th campaign at GSI (1998-1999)
 (INDRA-ALADIN collaboration) 

E789 at GANIL (2019.4->5)  
(INDRA-FAZIA collaboration)

129,124Xe +124,112 Sn
@100MeV/u

64,58Ni +64,58 Ni
@52MeV/u

Para

SLy4 0.160 -15.97 230 32 46

SkM* 0.160 -15.77 217 30 46

SLy4 -120 0.69 0.68 0.71

SkM* -156 0.79 0.82 0.76

ρ0 E0 K0 S0 L

Ksym m * /m mn * /m mp * /m

ImQMD with 2 Skyrme parameters

INDRA Camp 4th IW1 (0.21 < b0 < 0.42) 

E789 EW1 (0.03 < b0 < 0.4)

Impact parameter windows
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Reaction plane reconstruction and correction factor

Transverse momentum method

Q =
N

∑
i≠poi

ωi(pi
t + mivb)

ωi = Zi(ycm > 0)
= − Zi(ycm < 0)

vb =
pt

msys − mpoi

Applied NOT Applied

Too large  
Error!
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Fit : y =
N0

2π (1 + 2
4

∑
n=1

vn cos(ϕpoi − ψrp)) v1 : Direct, v2 : Elliptic, v3 : triangular . . .
)π  (0 -> 2rpψ - 

poi
φ124Xe + 124Sn 100AMeV   Z:2 A:0    >

t
0<p

>
cm
0<y -0.909 -0.727 -0.545 -0.364 -0.182 0.000 0.182 0.364 0.545 0.727 0.909

0.475

0.725

0.975

1.225

1.475

1.725

p0 t
w

in
do

w
s

y0
cm windows
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)π  (0 -> 2rpψ - 
poi
φ64Ni + 64Ni 52AMeV   Z:2 A:0    >

t
0<p

>
cm
0<y -0.909 -0.727 -0.545 -0.364 -0.182 0.000 0.182 0.364 0.545 0.727 0.909

0.475

0.725

0.975

1.225

1.475

p0 t
w

in
do

w
s

y0
cm windows
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Direct flow vs y0
cm Elliptic flow vs y0

cm

y0
cm = ycm/yP

cm (ycm > 0)
ycm/yT

cm (ycm < 0)
p0

t =
pt /A

2pP
t /(AP + AT)

Parameter b : Slope of Direct flow Parameter b : Offset of Elliptic flow
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PHYSICAL REVIEW C 109, 054624 (2024)

55MeV/A

fI = 0.3(m *n < m*p)
fI = − 0.3(m *n > m*p)

Ext. : extended Skyrme MDI


Stand. : standard Skyrme MDI

PHYSICAL REVIEW C 94, 011601(R) (2016)

DR(n/p) =
R(n/p, CI,124)
R(n/p, CI,112)

Rn/p = YCI(n)/YCI(p)

CI proton & neutron :  1 < A < 5
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IW1 Xe + Sn@100AMeV

v2 offset

v1 slope

EW1 Ni + Ni@52AMeV

With correction factor

55 MeV/A = p0
t ≃ 2.0

for Ni + Ni@52AMeV
55 MeV/A = p0

t ≃ 1.5
for Xe + Sn@100AMeV

9/12



64Ni +64 Ni@52MeV/u
124Xe +124 Sn@100MeV/u

With correction factor
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64Ni +64 Ni@52MeV/u
124Xe +124 Sn@100MeV/u

With correction factor

Offset of Elliptic flow 11/12
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With correction factor
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Summary

1. Compare Experimental and ImQMD with 2 Skyrme parameters data using
 and .


2.  and  results of two model calculation using Ni+Ni @ 52 AMeV are not show 
clear difference and also models can not predict experimental results.


3.  of Xe+Sn @ 100 AMeV from two parameter sets are not show specific 
difference relate to N/Z of fragment and also non of model predict experimental 
result especially at low  regions.


4.  from 2 parameters of Xe+Sn @ 100AMeV are represent clearly differences 
and this are affected by N/Z ratio of fragments.     

v1 slope v2 offset

v1 v2

v1

p0
t

v2



Conclusion
1. Direct flow seems not sensitive to iso-vector effective mass difference.


2. Elliptic flow is more sensitive to iso-vector effective mass splitting of proton and 

neutron but direct flow is not in this energy region.


3. Effective mass of proton much heavier than value of SkM* at over 

 but little heavier below .


4. Effective mass of neutron is lighter than SkM* and heavier than SLy4 at below 

.

Ek ∼ 55MeV/u Ek ∼ 55MeV/u

Ek ∼ 55MeV/u
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64,58Ni +64,58 Ni@52MeV/u 129,124Xe +124,112 Sn@100MeV/u



E k
/A

>
55

M
eV

/A

PHYSICAL REVIEW C 109, 054624 (2024)

55MeV/A

p0
t ≃ 1.5

fI = 0.3(m *n < m*p)
fI = − 0.3(m *n > m*p)

Ext. : extended Skyrme MDI


Stand. : standard Skyrme MDI

E k
/A

>
55

M
eV

/A

55 MeV/A = p0
t ≃ 1.5 for Xe + Sn@100AMeV

p0
t ≃ 2.0

p0 T
vs

y0 cm

55 MeV/A = p0
t ≃ 2.0 for Ni + Ni@52AMeV
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