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I Symmetry energy and Heavy-ion collision
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B. A. Li, PRL 88 (2002) 192701

= n~/n* ratio is related to some kind of (N/Z)? ratio which is supposed to be
sensitive to the symmetry energy at high densities.
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I Pion production based on AMD+JAM calculation

» From nucleons to pion ratios
3.5

N. lkeno, A. Ono, Y. Nara, A. Ohnishi,
PRC93, 044612 (2016); PRC97, 069902(E) (2018)

13260 +124Sn @E/A=300MeV th cluster - i
2 N aSy-Stlf]f..-'
3 i ) 7 @
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0 | A T SLy4 (L=46 MeV) — -
c N/ZY gystem Ao MeW)
2| ¢ - p[ffn's]- -
with cl.. sof Effective interaction:
15} with cl., stiff —e— Skyrme force
w§0 cll.. SOH =
w/o cl., stiff ==a= ) _ _ t=20
1 JAM e O (N/Z) op ~ AT/AY ~ (/)

NZP, (NZP, A )Py, it

Representative ratios:

[(5)2 o N()?dt ] A~ [T (i — pAT)dt

z) fooo Z(t)%dt AT fooo(pp — nAtH)dt

O Final stage: 20
n~/nt is modified from (n/n*),, .
v" Cluster correlation 2 n/n* up
v S(p) effect: 30% weaker

N(t), Z(t) : Numbers of nucleon which satisfy the conditions 3 I



ISome effects on pion production

* Cluster correlation
Larger ratios, weaker dependence on £,

3.9

 Pauli-blocking effect <==

3

Pion potential effect 25

Delta threshold energy (NN—NA) ~ 2|

ratio

with cl., soft ——

vith cluster

/o cluster

system

 Details of transport codes 1.5 wih d. sift —+—
Y. X. Zhang et al., PRC97 (2018) 034625, 1 "ot A e
A. Ono et al., arXiv1904.02888 (2019) NZFy  N2fop At WY e xi
« Other unexpected effects ... etc.

This talk: Pion and Pauli-blocking effect within AMD+JAM approach




N Pauli-blocking effect

7" production
nn — pA~
A™ = nm™
t* production

pp — nATT
TATT

— prT

Pauli blocking factor (1-f) for
the final nucleon

If Pauli blocking is stronger,
A and T numbers are smaller

Pauli blocking may play some important
role on the pion observables.

= We need to estimate
Pauli blocking factor (1-f) precisely
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ITransport model

» Coupled equations for f (r, p, ) (a =N, A, )

dfy  Ohn Ofn  Ohn[fn,fax] Ofn I KLUfx fa ] rcollision term
o ' op or r " Op VN, fasl NN - NN
Ofar  Ohar Ofar  Ohaxlfn, fazl Ofanx NN -NA

fa, N fax  Ohaxlfn faql Ofa, SNATINS NA NN

ot Op or or op A= N

Nn—-A .. etc

» Our model: JAM coupled with AMD

Perturbative treatment of pion and A particle production

|In=(NN—NN)+X- (NN - NA)+... |

* Nucleon f : Zeroth order equation

Solved b
oy, o 05 ol 0] 019 o d
o " ap or or op AMD
* A particle f, and pion f_ : First order equation Solved by
Ofar Ohar Ofas OharlfQ far] Ofar <:ﬂJAM
far  Ohar Ofan Ohaslly fas] Ofa TN

ot op or or op for given fN(O) 6 I



ITransport model (AMD)

» AMD (Antisymmetrized Molecular Dynamics)
A. Ono, H. Horiuchi, T. Maruyama, and A. Ohnishi, PTP87 (1992) 1185

« AMD wave function at a time t for an event

Zi = WD + ——

D O N 2(2) = det
BB

w’_

2
Z; . v : Width parameter = (2.5 fm)—2
expq—v|\7ri——=] ¢Xai(J) T
\/E Xa; - Spin-isospin states=p T,p [,n T,n |

Solve the time evolution of the wave packet centroids Z

e Turn on/off Cluster correlation

- Without Cluster
NT+ N2->N1+ N2

N
N1, N2 : Colliding nucleons

v Effectlve mteractlon

Symmetry Energy [MeV]

- With Cluster

Skyrme force

N1+ B1+N2+B2->C1+C2

B

2
N1, N2: Colliding nucleons

B1, B2: Spectator nucleons/clusters
C1, C2: N, (2N), (3N), (4N) (up to a cluster)

T 015 025 03 035 04
lem 1




N Transport model (AMD+JAM)

> Nucleon test Particles
fKMD(T: p) = 23 Z Z e—zy(r—RJ‘k)2e—(P—ij)2/2h2qukBk_j1 Pjr = 2iv(Z; - Zy)

Rj. = (Z] + Zi)/ Vv

: Bjr = (pjler)
JEa kEa
a=pT, pl, ntT, nl
Test particles (ry, py), () Po), oo (T, Test particles
P ( 1 p1) ( 2 pZ) ( A pA) (ry, p1), (ry, P2),--.. , (Ta Pa)
« generated following the Wigner function >
fAMD(I', p) q)AMD(t) (rlw pl)r (rzr pz);---- ’ (rAr pA) > T, A
« sent from AMD to JAM at every 2 fm/c (ry, P1), (T2 P2)seeee s (T PA)
>

with corrections for the conservation of
baryon number and charge

» JAM (Jet AA Microscopic transport model)
Y. Nara, N. Otuka, A. Ohnishi, K. Niita, S. Chiba, PRC61 (2000) 024901

» Applied to high-energy collisions (1 ~ 158 A GeV)

* Hadron-Hadron reactions are based on experimental data and the detailed balance.
* No mean field (default), s-wave pion production (NN—-NN7) is turned off. ... etc. 3 I



I Methods for Pauli-blocking factor f

Test particles
(rlr pl)r (rb pZ) """ ’ (I'A, pA)

-

> Do Pauli blocking within JAM
(Natural prescription in AMD+JAM)
NN - NA, A - Nt etc

D 0 (1) (ry, p1), (12, P2)eee s (Fa, PA) > n, A
(ry, p1), (ry, P2),.... , (T, Pa) - 23 p—p.)2 _ N2 /52
> f]am(rr,p) — ? Ze ( 3) /2L€ 2L(p pj‘) /h
JEeT
t t
T=p,n [=2.0fm?
3 2 —
3 oL NN —=NA ] Pauli bIockiqg factor 1 —qum(ri, p’) calculated
a ol i for Test particles {(r; p); , j=1.2, ... A}
- 5+ —
S o : : : |
m—— (min(f,1)}
0.8~ ] ¢ o v" fiam SOMetimes becomes larger than 1
0.6 LT | because of fluctuation
_ P (am) (min(f, 1)) < (f)
0.4 .
0.2 ] v" fam is more broadly distributed than test
particles because of smearing
0.0

0.0 0.2 0.4 0.6 0.8 1.0
p [GeVic] 9 I



. . . Y. X. Zhang et al.,
I Pauli blocklng In Box HW'1 PRC97 (2018) 034625

*IBUU-VM GiBUU 2 CoMD | . ImQMD Fermi distribution

oﬂ E%\& | QN /= 1-|-e(é—uu)/T

B pBUU : IQMD | IQMD
_ ' BNU | -IMP

f(p)
f(p)

RVUU SMASH ~ JAM | JQMD Particularly in QMD codes

v <f> does not reproduce
the original Fermi

/
-
o
/

F i TuQMD 7y, UrQMD distribution because of
IE—?—L ! smearing
% 200 4000 200 400 % 200 4000 200 400 v" f sometimes becomes
p(MeVie)  p (MeVic) p(MeVic)  p(MeVic) larger than 1 because of
fluctuation

In HIC, Pauli blocking may be weaker
because of low values of (f) due to the high temperature.

But we should still check this problem 10 I



I Methods for Pauli-blocking factor f

> Use f of AMD for Pauli blocking

Wigner function calculated for the AMD
wave function, for t = neutron or proton, is

AMD

Whatisf at (r,p’) ?
-

> | NN->NA

amd (1’ p

ZZ =Ry (P 2y g B

JET kET

f=0.345 ()
(r;, p’)

Pauli-blocking factor 1 -f . 4(r; p’) for the
final phase-space point (r;, p’).

=
9]
T T T T

dN/dp [c/GeV]
S

e f+o

0.2

0.4 0.6
p [GeVI/c]

|
m— (min(max(f,0),1))

PB(amd) |

0.8

1.0

t t

Communication between AMD and JAM
AMD accepts a question from JAM,
calculates f,, 4 and answers it to JAM




I Methods for Pauli-blocking factor f

> Use f of AMD for Pauli blocking AMD

Wigner function calculated for the AMD
wave function, for t = neutron or proton, is

Whatisf at (r,p’) ?

p > | NNo>NA
; o f =0.345 o
[ q(r.p) Z Z —2v(r—R;x)* ,—(p—Pjx)*/2h UBjk:Bk—jl (r, p’)
JET kET
Pauli-blocking factor 1 -f . 4(r; p’) for the . .
final phase-space point (r;, p’).
> 3 | > 30 |
o 2r NN =NA 7 o Br NN >NA ]
QO L9
= 15 - = 15| -
S 10 . = 10 .
E 5 B | | E 5 B | | ) | i
o 0 } } ! I Ee] 0 | | | |
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08+ - TTTTTT T+ é fro _ 0.8+ i fro
06 - 0.6 -] . -
. PB(amd) - I PB(jam)
0.4 = 0.4 n
Ty L}
0.2 .*, . 0.2 i
0.0 ‘ ‘ 0.0 |

0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
p [GeV/d] p [GeVid] 12 I



I Pauli-blocking probability f, .4  '?Sn+'%sn@E/A=270 MeV

NN-NA NA-NN A-Nr

% 30 . % 30 : % 30 \
o I NN-NA T o 2B NA=NN | O 257 A-Nm ]
8] [w] Q
o o 1 = 15p¢ 1S 15p ]
s 2 1 & 1F 1§ 1 i
2 | | | | E 5 B — 2 — ‘ | ‘ _
S 0 f f T T 3 0 | | S 0 1 f \ T
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06 B 06| 4 i
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X o
" i 'E'ﬂ o N I
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0.0 ' ' a 0.0 | o \ ! Beceal
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Pauli blocking is important for NN—=NA and A—=Nn=
because the final momentum is relatively low

In NA—NN reaction, Pauli blocking may not be so important

13.




ICaIcuIated system and parameters/options

> 132Sn + 124Sn @E/A=270 MeV O<b<1 fm

» 5 options: Pauli blocking procedures (PB)

1. PB(%jam)
2. PB(jam)

3. PB(amd, jam)
4. PB(amd)

5. PB(amd-h)

: Pauli blocking factor f,,,, is artificially reduced by factor 4
: Use fi,, Do Pauli blocking within JAM

: Use f .4 (Wigner function of AMD) only for NN~ NA

Use fi,, for A—-Nr

: Use f,4 (Wigner function of AMD)

both for NN~NA and A - Nx

: Use Husimi function of AMD

14.




I Wigner function and Husimi function

T
NN =NA

dN/dp [c/GeV]
o
T T

0 1 1 : I
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blocking probability = 1 (f >1)
=f(0<f=T)

=0 (f <0)

amd Tp ZZ —2v(r—R;i)* —(p—Pji)* /21 l/B B_
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I
NN - NA

dN/dp [c/GeV]
o

0 i i I I
m—— (min(max(f,0),1))
¢ fxo

0.6 .
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0.4 7

0.2 —
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Husimi function is guaranteed to be 0 <f <1
But the Pauli blocking in the Boltzmann equation
should be calculated with the Winger function,
not the Husimi function.

d'r’dp y(r—r")? 2y
st [ g
=3 Z Z6—V(7‘—Rjk)26—(P—ij)2/4ﬁ2VBjkBk—j1

JjET kET
15 I




I Pauli-blocking effect for NN—=NA

A production

Comparison of PB(jam) and PB(amd, jam)

0.03

0.02

0.007

0.005

PB(} jam) |

PB(jam)

PB(amd, jam) [

PB(amd) |
PB(amd-h) |

AIATT

4

3.5

2.5

with cl., soft—s—
with cl., stiff —e—
w/o cl., soft —-4--
w/o cl.. stiff —-+--

n-rich system

A-

_ fooo (nn — pA~)dt

AT [ (pp = nAt)dt

with cl., soft —ill—
with cl., stiff —&—
W/0 Cl., SOft swndbeess:
Fw’c Clr’ stnﬁl‘

IIII'IIII

-> final neutron is

blocked more strongly

pp — nATT

> with cluster

> w/o cluster

Pauli-blocking effect
is stronger for the

production of A+*

)
)
)
)
)

PB(} jam) |

PB(jam

PB(amd, jam

PB(amd

than A-

In particular when
cluster correlation is
switched on.

16 I



I Pauli-blocking effect for A= Nm= /Omm%Nﬂdt//A(t)df

Comparison of PB(amd, jam) and PB(amd)

0.35 - —
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 Final neutron is blocked more strongly than a proton
« Strong Pauli blocking in A°— nzn° tends to increase A°— pn-




IFinaI pion @ E/A=270 MeV

pion multiplicity

© ooo
W £ 1M

©
N

o
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""lmn.nml

PB( jam) |

PB(jam) |

PB(amd, jam) |
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with cl., soft—s—
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O
©
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B
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25+ |
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2 I ' I l L
£E E E T <«
« 8 ® £ ©
i i . e g o & E
Pauli-blocking effectis "5 @ 2 o &
E o xm
stronger for n* thann~. & s z
. , =
-> Pion ratio goes up by o

Pauli-blocking effect




ISummary

High-p symmetry energy and Pion production on HIC

» Improved Pauli blocking procedure *
for NN<—>NA, A —>Nmx
. . 3.5
— Strength of blocking probability
PB(amd) > PB(amd-h)> PB(jam) =
€
« Pauli-blocking effect for pion production =~ | _~
— Pauli-blocking effect is stronger for n* (A**) S S - }th_(_:l_.,_ééﬁ_:l_::
than 7~ (A°) in n-rich system W0 Sl Soft i
— m/n* and A/A** ratios go up ) S e o R
E E E T £
&858 89
N @O 5 =
Future work: g EQ %
o
o

We need to study other treatments for pion observables
- Pion potential, A resonance production threshold ...




I blocking probability for NN—=NA

PB(amd) PB(amd-h) PB(jam)

> % ! 5 >3 |
o = NN-NA | @ 23 NN-NA] @ Br NN —NA ]
i 15 : % 15+ 1 2 15f .
g 10f 1 & 10f 1 o 10r -
S 5 1 3 St 1 3 5 -
S 0 1 1 | I S 0 I ‘ ' I 5 0 I I I I
m— (min(max(f.0),1)) e (min(max(f,0),1)) w— (min(f,1))
08} ¥ fio . 0.8} ¢ fro | 08k i fio
06F . 0.6 -
. PB(amd) - - [ _PB(jam)
0.4 Jit . 0.4 -
J - [ ]
02f . 0.2 i
L ]
0.0 ‘ o~ : 0.0, ' ' A
00 02 04 06 08 10 00 02 04 06 08 10 00 02 04 06 08 10
p [GeVic] p [GeV/c] p [GeVic]

Strength of blocking probability: PB(amd) > PB(amd-h)> PB(jam)

20.







multiplicity

I Pion Calcutions in central Au+Au collisions
by transport model (AMD + JAM)

* Pion multiplicity

100
10 |
1 -
u
JAM 7" - JAM " -
FOP| "~ . FOPIr, —o~
AMD+JAM n” = AMD+JAM 1" -=-
0.1

0 0‘.2 O‘.4 0‘.6 O‘.8 ‘i
E/A [GeV]

* Pion ratio

JAM &+
AMD+JAM m
35 FOPI -
3| |
n
: 29 s a2y
) R\ system
S\\\
15 )
"02 04 06 08 1 12 14 16
E/A[GeV]

12 14 16 0 02 04 06 08 1

0.20.4

E/A [GeV]

12 14 1.6

with cluster (asy-soft)

v" Our calculation almost
reproduces the experimental
data reasonably well

v" Pion ratios are also larger than

(N/2)?

system

1 1 1
IBUU-stiff

*

® [BUU-soft -+
B ImIQMD-stiff

X ImIQMD-soft -
4 FOPI

(b)

0811214 04
E/A [GeV]

E/A [GeV]

0.8 1 1.21.41.6 J. Hong and P. Danielewicz,
PRC90 (2014) 024605

Exp. Data: Reisdorf et
al., NPA 848 (2010)
366

22.



I Dynamics of neutrons and protons s b stiff’
s ° ~~soft |
L% 0
1 M E 20
» with cluster « without cluster e JAM ]
t=22fm/C [ I . [_I_]gé? Me!:j' I
0.25 .n, a'sy-soﬁ—' ,n’ alsy.solft—' 't:',l 8f'm/'c — v 005 0.1 3.1;;{:;3;.20 03 035 04
p, asy-soft—— t=18fm/c p,asy-sqg— — . . .
o 02 s | et Effective interaction:
e
= o Skyrme force
-
8 a1}
O‘E0.05-
0
18 T T T T T T r r T
af\ Az e plr) > po =t |

soft

0 5 10 15 20 25 30 35 40 45 0 5 10 15 20 25 30 35 40 45 0 5 10 15 20 25 30 35 40 45 50
time [fm/c] time [fm/c] time [fm/c]

13281 + 124Sn Collision

v Density maximum is different for cases with or without cluster @E/A=300 MeV
23

v" Clear difference of N/Z ratio due to different symmetry energy
v' Especially symmetry energy effect is weaker if there is cluster correlation



I Pion spectra

AMD + JAM with cluster (asy-soft)

* With Coulomb

4 : :
asy-soft, m - m—
3.5¢ ©t
— asy-stiff, @, ="~
@ 3 T
% 2.5+
g, 2L with Coulomb
15
9
z '
0.5+
O | | !
0 0.1 0.2 0.3 0.4 0.5
Pr [GeVic]
10 " asy-soft —
asy-stiff -----
with Coulomb
+
S
B
1 L
0 01 02 03 04 05

Pr [GeV/c]

dN/dp [1/(GeV/c)]

* Without Coulomb

4 : :
asy-soft, n° ==
35} o
asy-stiff, g ====="
3 L TI:+ ______
25¢
2 L
1.5¢
‘| L
0.5¢
0 | | | -
0 0.1 0.2 0.3 0.4
Pz [GeV/d]
10 . :
asy-soft —
asy-stiff -

without Coulomb

02 03 04

Pr [GeVie]

0.1

0.5

132Sn + 124Sn Collision
@E/A=300 MeV

Coulomb effect:
Acceleration of t*
Deceleration of -

. = Changes of pion spectra

/T

3.01(1)

T[+

0.192

™

with Coulomb 0.577

w/o Coulomb 0582 0.193 3.02(1)

- Coulomb effect has almost
no effect on the pion
multiplicities and the pion

ratio.
24 I



I Potential for A and pion

In JAM, reaction thresholds are the same as in free space.

(The production and absorption reactions for A and pions occur in the JAM calculation as in the free
space)

Nucleons feel potential in the AMD calculation.

Therefore AMD+JAM assumes

NN < NA A o Nt
N N N A N
U,§1)+U1(,2):U( }+U,§4), U£1) U( )+U( 7) forry(+79)=13+14
This is equivalent to the choice in the pBUU * Different choice,
calculation cf. Bao-An Li
c.f. Hong and Danielewicz, PRC 90 (2014) 024605 (A7) = v (n)
lasy(A_) = Qvasy(n‘) - 'Uasy (p) — 31’!&5}](“)3 ‘U(_—Lsy(AO) = ‘gvasq( )+ 1lmsq(p> = 11(151}(“)
; 3 3 3
Vasy(A") = Vasy(n) Vusy (AT) = L (n )+2 (p) = L (n)
Vasy (AT) = Vagy (D) = —Vasy(n). Yasy =~ lasyt) T Flasy ) = T3 lasyl),
‘Ua.sy(A++) = 205y (P) = Vasy(n) = —3vasy(n). Vasy(ATT) = Vasy(p) = ~Vasy(n)-

25.



I REIat|On bEtween N/Z and A_/A‘|‘+ [ NUI::I;;on ]é A resonance

A/AT
A/AH 3 With cl., SOft s
with o, st Simbpl . ” ,
0 C_’ SO .- . — ~
5 W o ot | Imple expectation: A-/A (N/Z)
JAM ===
. | A~ Rate(nn — pA~™)
+ e =
,‘3« 2.5 | ‘ 's\ ........................ (N/Z)zsystern A"‘"‘ Rate(pp — nA‘l“l‘)
2
1.5 ' ' : ‘ . . .
0 10 20 30 40 50 (The collective radial momentum p,,4 is subtracted)
time [fm/c] r Nucl . h h
[(N/Z)2 ] Nucleons in the sphere p(r) zp, | (N/Z)*, p] ucleons in the sphere p(r) > pq
PJ centered at CM. - with high momentum
35 ' ' With Cl., SOft — 35 q \ ' With Cl., SOff s
with cl., stiff ) with cl., stiff
W/0 Cl., SOft = == s w/0 cl., soft = m =
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