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Pion)producXon)in)HIC)

(Δ)–)decay)pion)producXon)'
Bao:An'Li,'Nucl.Phys.'A'708,'365'(2002)'

PRL'88,'192701'(2002)'
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Thus the ratio is expected to be
catterings (π + N → " and N + " → N + N ) a

ship. Nevertheless, very high sensitivity to t

a'–'sMff'EoS'

b'–'soP'EoS'



Simple'momentum'independent'EoS:'
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BaoZAn)Li,)PRC)67,)017601)(2003))

)

StaXsXcal)model)of)pion)producXon)

Transport)model)from)

BAL)PRC)44,))450)and)2095)(1991))
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,

FOPI)data))Reisdorf)et)al.,)NPA)781,)459)(2007)))

Data)are)from)Au+Au)collission,)linearly)interpolated)

from)N/Z=1.494)to)N/Z)=)1.56)(132Sn)+)124Sn))for)which)

the)calculaXon)was)made.)



FIG. 3. (Color online) Kinetic energy dependence of the double

π
−/π+ ratio of 132 Sn+

124 Sn over 112 Sn+
112 Sn at a beam energy

of 400 MeV/nucleon and an impact parameter b = 1 fm with stiff

(x = −1) and soft (x = 0) symmetry energies.

FIG. 2. (Color online) Kinetic energy distribution of the single

π
−/π+ ratio for 132 Sn+

124 Sn and 112 Sn+
112 Sn at a beam energy of

400 MeV/nucleon and an impact parameter of b = 1 fm with the stiff

(x = −1) and soft (x = 0) symmetry energies. The dashed-dotted

curve is the single π
−/π+ ratio obtained by turning off the Coulomb

potentials in the 132 Sn+
124 Sn reaction.

PHYSICAL REVIEW C 73, 034603 (2006)

Single and double π
−/π+ ratios in heavy-ion reactions as probes of the high-density

behavior of the nuclear symmetry energy

Gao-Chan Yong,1,2,∗ Bao-An Li,3 Lie-Wen Chen,4,5 and Wei Zuo1

1

See)also)PLB)634,)378)(2006))))
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Parameters)fit)to)Gogny)HartreeZFock)and/or)Brueckner)Hartree)Fock)predicXons)

for)density)dependence)of)the)symmetry)energy)

)

K=211)MeV)and)J=32)MeV)was)used)

Introducing)momentum)dependent)mean)field)potenXal)(MDI))–))

using)IBUU4)transport)model)



+

The parameter x can be adjusted to mimic predictions on the

density dependence of symmetry energy Esym(ρ) by micro-

scopic and/or phenomenological many-body theories. Shown

in Fig. 1 is the density dependence of the symmetry energy for

x = 0 and −1. The recent analyzes of the MSU isospin diffu-

sion data have allowed us to constrain the x parameter to be be-

tween these two values for densities less than about 1.2ρ0 [10].

The corresponding symmetry energy can be parameterized as

Esym(ρ) ≈ 31.6(ρ/ρ0)
1.1 and Esym(ρ) ≈ 31.6(ρ/ρ0)

0.69 for

x = −1 and x = 0, respectively. The main purpose of this work

is to investigate whether the double neutron/proton ratio can

DeterminaXon)of)the)parameter)X)

''''
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FIG. 4 (color online). Excitation function of the !
!=!þ ratio

in the most central Auþ Au collisions.

062502-3

Circumstantial Evidence for a Soft Nuclear Symmetry Energy at Suprasaturation Densities

Zhigang Xiao,1 Bao-An Li,2,* Lie-Wen Chen,3 Gao-Chan Yong,4 and Ming Zhang1

1

PRL 102, 062502 (2009) P HY S I CA L R EV I EW LE T T E R S
week ending

13 FEBRUARY 2009
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Zhao-Qing Feng ∗, Gen-Ming Jin Physics Letters B 683 (2010) 140–144

Within the framework of the improved isospin dependent quantum molecular dynamics (ImIQMD)

model, the emission of pion in heavy-ion collisions in the region 1 A GeV as a probe of nuclear symmetry

energy at supra-saturation densities is investigated systematically, in which the pion is considered to be

mainly produced by the decay of resonances ∆(1232) and N
∗(1440). The total pion multiplicities and

the π−/π+ yields are calculated for selected Skyrme parameters SkP, SLy6, Ska and SIII, and also for the

cases of different stiffness of symmetry energy with the parameter SLy6. Preliminary results compared

with the measured data by the FOPI Collaboration favor a hard symmetry energy of the potential term

proportional to (ρ/ρ0)
γs with γs = 2.
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AMD approach to explore nuclear matter properties in heavy-ion

collisions

Akira Ono

Tohoku University

RIBF-ULIC-MiniWS027: Nuclear symmetry-energy and nucleus-nucleus collision

simulation, July 2 – 4, 2013.

Collision dynamics, symmetry energy, and clusters

AMD approach (with cluster correlations)
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Without cluster correlations (AMD with NN collisions)

........

With cluster correlations
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. . . . . .

Effect of Clusters on the Density Evolution
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Bulk properties and dynamics

e.g. EOS E(ρ)

⇓

⇐⇒
interplay

.

......

Correlations

e.g. clusters and fragments

⇓
.

......

Isospin dynamics, Symmetry energy

ρn − ρp, n/p, t/3He,. . .
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Jul. 3, 2013 @ RIKEN

Symmetry energy and supernovae

Hideyuki Suzuki (Tokyo Univ. Sci.)

Supernova Explosions

Influences of symmetry energy

1. collapsing core, initial shock energy
2. delayed explosion
3. protoneutron star cooling

collapsing core, initial shock energy

• In collapsing core, escaping νe’s reduce the lepton fraction YL of the core.
larger electron capture rate → more νe’s escape → smaller YL

• Larger lepton fraction results in more massive inner core
Mi.c. ∼ MCh(YL) ∝ Y 2

L

• Shock wave is launched around the boundary of bounced inner core and
supersonically collapsing outer core with an initial energy ∼ gravitational

binding energy of the bounced inner core ∼
GM

2

i.c.

Ri.c.

∝ Y
10

3

L

• More massive inner core is also preferable to successful shock propagation
because the shock wave have only to pass through less massive outer core.

• Electron capture rate as a function of Sv is important. Bruenn demon-
strated: Larger symmetry energy → more bound protons, less free proton
fraction → less electron capture rate (e-cap. rate(free proton) > e-cap.
rate(p in A)) → less νe’s escape from the collapsing core → larger YL →

larger Mi.c., larger Eshock



2D/3D)explosions)but)Eexp)less)than)observed)(Suwa)et)al.,)ApJ)764,)99)(2013))

Key)Physics)is)sXll)unclear:)

Neutrino)heaXng,)Standing)AccreXon)Shock)Instability,)ConvecXon,)RotaXon,)

MagneXc)field,)AccousXc)waves)

In)summary:))

While)K)affects))the)core)dynamics)via)pressure)change,)Sv)affects))

composiXon)Of)the)core)and)has)influence)on)supernova)explosions.)

Equation of States (EOS) for high density matter (T != 0)

• Lattimer-Swesty 1991: FORTRAN code
Liquid Drop model: Ks = 180, 220, 375MeV, Sv = 29.3MeV
E/n ∼ −B +Ks(1− n/ns)

2/18 + Sv(1− 2Ye)
2 + · · ·

• Shen’s EOS table (Shen et al., 1998)
RMF (n,p,σ, ρ,ω) with TM1 parameter set(gρ, · · ·) ⇐ Nuclear data includ-
ing unstable nuclei
ρB , nB , Ye, T , F , U , P , S, A, Z, M∗, Xn, Xp, Xα, XA, µn, µp

grids: wide range T = 0, 0.1 ∼ 100MeV ∆ log T = 0.1
Ye = 0, 0.01 ∼ 0.56 ∆ log Ye = 0.025

ρB = 105.1 ∼ 1015.4g/cm
3

∆ log ρB = 0.1
Extension with hyperons (Ishizuka, Ohnishi), quarks (Nakazato)
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))))))))))))))))))))))))))))))))))))))
Models)of)finite)nuclei)onen)are)calibrated)on)properXes)of)nuclear)

ma]er)at)saturaXon:))

)

)

)

But,)nuclear)ma]er)is)an)idealized)medium)that)does)not)exist)in)

nature.)and))is)approximated)by)expansion)A)Z>)∞)of)expressions)for)

energy)per)parXcle)etc))of)finite)nuclei.)

))

RelaXon)between)quanXXes)describing))finite)nuclei)and)nuclear)

ma]er)is)onen)model)dependent)(e.g.)incompressibility,))

symmetry)energy)and)its)derivaXves))

)

Open)quesXon)remains)–)how)valid)is)such)a)procedure)
'

'

'

'

!
0
,   E/A !

0( ), S(!
0
),  K"



The)EquaXon)of)State'

           P = !2 ! " / !( )
!!

"
#$

%
&'
s/!

               "(!,T ) = " f

f

( (!,T )  

)Two)key)points:)
)

)The)EoS)is)dependent)on)composiXon)))

)CONSTITUENTS)+)INTERACTIONS))
)

)εf)and)ITS)DENSITY)AND)TEMPERATURE)DEPENDENCE)))

)must)be)determined)by)nuclear)and/or)parXcle)models.))

where)summaXon)over)f)includes)all)hadronic)(baryons,)mesons),)leptonic)and)quark))

(if)applicable))components)present)in)the)system)at)density)ρ))and)temperature)T))

RelaXon)between)pressure)P,)energy)density)ε,)parXcle)number)density)ρ)

)at)temperature)T)



)

HEAVY)ION)COLLISIONS:))Hot)ma]er)created))

))))))))))))))))))))))))))))))))))))))))))))))in)dependence)on)beam)energy)

))))))))))))))))))))))))))))))))))different)composiXon)
)))))))))))))))))))))))))))))))))))))))))))))and)properXes)

)

)

COMPACT)OBJECTS:))))))))))CoreZcollapse)supernova)

))))))

)))))))))))))))))))))))))))))))))))))))))))))))hot)protoZneutron)star)

)))))))))))))))))))))))))))))))))))))))))))))))fast)rotaXng)neutron)stars)

)

)))))))))))))))))))))))))))))))))))))))))))))))cold)nonZrotaXng)

)))))))))))))))))))))))))))))))))))))))))))))))neutron)star)

))))))))))

))))))))))))))))))))))))))))))))))))))))))))))

)
))))

Figures'from':''''D.'Hofman,'UIC,'2006'(top)''''''F.'Weber,'talk'at'ORNL'2012'(boUom)'



Comparison)of)main)features)of)high)density)ma]er)in:)))

))))))))))Discussions)with))Be]y)Tsang)

Central)AZA)collision:)
)Strongly)beam)energy)dependent)

Beam)energy))<))1GeV/)A)

)

Temperature:))<)50)MeV)

Energy)density:))~)1)Z2)GeV/fm3)

Baryon)density)~)3Z4)ρ0))(transient))
(Time)scale)to)coolZdown:))10Z22Z24)s)

No)neutrinos)

)

Strong)InteracXon:))(S,)B)and)L)conserved))

Time)scale)10Z24)s))

)

InelasXc)NN)sca]erings,)))))

)))))))))))))))))))N,N*,)Δ’s)

)))))))))))))))))))LOTS)of)PIONS)))))))))

)))))))))))))))))))strangeness)

)))))))))))))))))))less)important)(kaons))

)))))))))))))))))))NO)LEPTONS)

))))))))))))))))))))?)EQUILIBRIUM?)

'ProtoZneutron)star:)
)(progenitor)mass)dependent))

~)8)–)20)solar)mass)

)

Temperature:))<)50)MeV)

Energy)density:))~)1)GeV/fm3)

Baryon)density)~)2Z3)ρ0)
Time)scale)to)coolZdown:)1)Z10)s)

Neutrino)rich)ma]er))

)

Strong)+Weak)InteracXon:)(B)and)L))con))

Time)scale)10Z10)s)

)

Higher)T:)strangeness)produced)in)

))))))))))))))))))in)weak)processes)

Lower)T:)freezeZout)

)

N,)strange)baryons)and)mesons,)

NO)PIONS,)leptons)

))))))))))))))))))))?EQUILIBRIUM?)



“Symmetric)nuclear)ma]er))and)ma]er)produced))

in)highZenergy)collisions))when)the)field)equaXon))

are)solved)subject)to)the)constraints)of)charge)

)symmetry)and)strangeness)(in)this)case)zero).”)

)

“Neutron)star)ma]er,)when)the)field)equaXons,))

supplemented)by)those)of)leptons)are)solved)subject))

to)the)constraints)of)charge)neutrality)and)generalized)

beta)equilibrium)without)conservaXon)of)strangeness.”)

Norman)Glendenning:)Compact)Stars)



A)very)gentle)quesXon)for)discussion:)

)

Are)the)EoS)of)HIC)ma]er)and)NS)ma]er)the)same?)



General)comment)on)the)current)situaXon)in)modeling:))
)

Current)models)have)very)limited)predicXve)power)–)they)have)too)many)

parameters)and)it)is))impossible)to)constrain)them)unambiguously))at)present)

)

WE)KEEP)REPEATING)CALCULATIONS)AND)SOME)OF)THEM)FIT)A)SELECTED)CLASS)

OF)DATA)WELL))BUT)FAIL)ELSEWHERE.)SUCH)MODELS)CANNOT)BE)RIGHT)AND)

CANNOT)BE)TRUSTED.)

'

Suggested)path)towards)a)soluXon)?)
)

Study)basics)of)these)models,)their)region)of)applicability)and)find)the)physics)that)

jusXfies)them.)

)

STUDY)SENSITIVITY)TO)ALL)AVAILABLE)DATA)AND)FIND)THE)MOST)IMPORTANT)

SET)TO)FIT)THE)MODELS)CONSISTENTLY.))

)

Perhaps)we)will)be)able)to)narrow)down)the)number)of)models,))increase)

predicXve)power)of)the)selected)ones)and)move)forward.)

)

Physics)may)be)a)good)tool)for)selecXon)theories)aner)all).)
'



BUU / QMD / AMD

The information on the Symmetry Energy   is 
indirect, depends on models.

ULIC-RIBF MiniWS027, 3 Jul. 2013 

measure the N/Z ratios of the emitted particles 
(n/p ratios, isospin diffusion, t/He3, N/Z ratios of IMFs, 
flow, pi- /pi+, ......), and then compare with the prediction 
from the transport model, 
in which the different symmetry potential can be used.

Extracted)from)conclusions)of)miniZWS:)



Current possible solutions:
QMD with Pauli blocking
AMD with relativity

PHITS for π-/π+    

and compare ImQMD result) 

ULIC-RIBF MiniWS027, 3 Jul. 2013 



Future of the Simulation models:
BUU

Bao-An Li’s IBUU used for prediction of pi-production 
IBUU code need very high running cost  --> possible 
(results a few TB; super computer; only its binary code is available in RIKEN)
How to modify BUU? 
(inviting some Chinese guy from Bao-An / Black box is NOT favorable )Collaboration with JAEA could help the improvements of transport models.

QMD
ImQMD@MSU cannot treat pi-production, though Beijing ImQMD can do 
(not apply to it) 
PHITS can make a prediction of pi-production

AMD (most reliable code in Japan)
AMD CAN in principle treat pions include pions and Deltas 
if pion absorption could be neglected for the following reaction
132Sn + 124Sn @ 300 MeV/u ,  124Sn + 124Sn @300 MeV/u 
How about relativity? 
Bulk feature of HIC should be compared....
Small meeting with Bao-An on this issue at NuSYM@MSU



MiniZWS)was)an)extremely)well)organised,))

informaXve)and)useful)meeXng.)

)

)

Thank)you!)

'

'Arigatō'
'

'

'


