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We thank the organizers for bringing us to such a beautiful and interesting place
and spectacular lecture hall




Our general aim in Heavy lon Reactions:

The Phase Diagram of Strongly Interacting Matter

Caveat:
HIC trajectories are
non-equilibrium
processes, and are
not in the plane of
the diagram
-> transport theory
IS necessary

Quark-hadron coexistence

0

ZIN
Isospin degree of freedom



Transport theory: 2 families

1. Boltzmann-Uehlj

D(r)f —‘r)l:l(p)f(r )= IdV dV de V21 277')35([)1 +p, =P —Py)

b, -t -1,)-f,f, (1-f,)(2-F,")]

Derived:
->Classically or semiclassically from  THDF, collision term added (and fluctuations)
- From non-equilibrium theory  (Kadanoff-Baym) ; collision term included

mean field and in-medium cross sections consistent, e. g. from BHF

LK) =TE(TE), g™ (k; p) =[T?] ” V% *Vg.

Spectral fcts, off-shell transport, quasi-particle app rox. (QPA) @ é Q
27 (x,p) *2 _ i x2 %0
AP D S s ey | L opa [0 8(p P -mf) @(p*°)

r(x,p)y=m*imx;-p,*Im x4
2. Molecular Dynamics (QMD) C(;%= o) di_{p"}[} H = Zt +YV,
i<j

classical molecular Dynamics with
Gaussian patrticles to reduce fluctuations
+ Boltzmann collision term i
2b) Antisymmetrized MD (AMD,FMD) Gaussians are antisym  metrized wp =
i tting), CoMD

collision term with stochastic features (wave packet spli
in principle — but in practice?

Transport theory is on a well defined footing,




Code Comparison Project:  Trento, ECT*, 2006 and 2009
Shanghai, Jan. 2014, Lanzhou 2014

check consistency of transport codes in calculations wi th same system (Au+Au), E=100,400 AMeV,
identical (simple) physical input (mean field (EOS) and Cross sections)

idea: establish sort of theoretical systematic error or transport calculations
(and hopefully to reduce it)

1. step: Initialize colliding nuclei. usually not exact ground states

20 — : : IIBUU, Jlun Xu 8: Lie-WeIn Chen |& B?O-An Li, b :| 20|fm —r— —— pr g
free ’é“ i T T T T i T i * 8%
propagation 5_;, 0 — t=0fmc —1t= %@c—— t@mm—— t = 60 fm/c—— t = 80 fm c—ijmo fmfc——t = 120 fm/c—{—t = 140 fm/ §§
(Iarge 20 L |Q AN Q . O| . | >. | ) Cl §§
ImpaCt -20 0 20 -20 0 20 -20 0 20 -20 0 20 10

CIAE-ImQMD without drdp, Ying-Xun Zhang, b =20 fm
T T T T T

parameter) 20 I ——— I ] AT
01010 0 O e @
£
E:,O — (=0f T t= fe—1— t = 4Q fm/c—— t =60 fmic—— t = 80 fm/c ——t = 100 fm/c——t = 120 fm/c——t = 140 fm/c—
x | 1 1 1 i 17 9 i\ i
-20 1 b 1 @ |©| @ 1 ©| 1 D | 1 1 | 1 ) 1 | 1

20 0 20 20 0 20 20 0 20 20 0 20

T AutAU@100MeV

- nuclei oscillate, influences dynamical = ¥ o
evolution in collision, part. at lower I B S e e

incident energies sl AT Nem=lae
-> construct better gs, e.g. Thomas-Fermi '

464 ‘,“l '-"'.’ D .

0 20 40 60 80 100 120 140
t (fm/c)




Examples of results: Au+Au,

E/A=100 MeV
BUU models QMD models

500 . . 500 ‘ —

400 — _ 400 — //::3 |
§300 L 4= g300 - —
z | . 1= S 200 |- .
© 200 - Au+Au@100 MeV = L b =7 fm neutrons

| b=7fm neutrons i 100 |- QMD type models -
100 |
BUU type models L
0

v

[ I
004 = Au+Au@100 MeV
| b=7fm neutrons

PRELIMINARY

E/A=400 MeV

=BJU and QMD models

< 902 I~ BUU type models - §
= L /) 1- ©
© 9]
© 0.00 S |- =
A ™ 1 o -
& 002 B - v
I | -0.04 7‘_/ <
0.04 . ‘ L | | ‘
| 0.2 T r
-2 1 0 1 o 2 -1 o 1
-2 1 y/g 1 2 y/ybeam VIV
beam
Au+Au@100 MeV, b = 7 fm , AutAu@100 MeV,b=7 fm 1.0 —
=07y QMD e models T - =5
(] 08 | ////////—\\v \J/ \/ \ 08 b { 0.8 —
7 ) ]
- \/ B oe- .
— 06 | - 06 = | __,:?__'-,' »;\u:—«;\?ra@400Mev
3 ¢ E g oa ¥ TooShlonwr
= Cuf 1 R i LR
=] 7 f L mamp
-> considerable differences n Gev)
2.1 2.2

-> partly due to initialization, but mainly to collision te
-> no essential difference between BUU and QMD models
-> 100 MeV sensitive region for flow because of competitio

better at higher energy

m

n between mf and collisions,




Transport Calculations in a (periodic) Box

test collision routine and Pauli blocking under control led conditions;
reveal important features of the semiclassical approach.
One effect: Initialization. T=0. ->Fermi statistics is lost quickly!
120 J T J T J T J T J T J T J - =g
— = _ ] see significant
— t=0 fm/ ANAAAAAMAIAN NN MAV A AR, H
1220 fm/c 1" (blocked collisions) differences between
o urQMD 1 1
@) t=0 fm/c — 80 _FWWW COdeS!
> i —— =20 fmlc S
S SINAP-IQMD 2 ] ]
— —t=0 fm/c 60 o 1
> —— =20 fm/c o
E- G . UrQMs[Lcc coll
$ = _WW Paull blocked coll.
7] T 1 .| SINAP-1QMD
succ. coll.
“Isuccessful collisions) _ “peuy "o <"
0 — 77— 77— ::ﬁﬁ.lflcjt)lzked coll.v
— 0O 0O 20 40 60 80 100 120 140
0.1 02 03 04 t (fmic)
p (GeVic)
¢ =101g Q=04 g
?5 .' L] T T T ‘5'»7 .I R ..I . I_
Broader applications: ol ¢ %, T IRy
1. Intialization in spinodal region: _ ol 44 "'ﬁ.iﬁl | :'_. e T
fragment formation, check of £ { Y awt | E ereal s
. > ;DL g -, * . > s T e, et e,
fluctuations PR . SRyt T T e
. . . ey » - % . P
2. Intialize not in ground state: check of TR WY o 1 K s
equilibration NI A ol thetalr e
0 5 10 15 20 25 1] 5 10 15




Fluctuations in Phase Space

f(r,p,t)=f(r,p,t)+of(r,p,t)

Mean field evolution  Fluctuations
(dissipative)

o |

dt — Tcoll + fluc

Boltzmann-Langevin eqn.

04
03}
02}
0.1}/
0.0
01 F
02}
03

/ = 4 3 LY 5 _
-O- L 1 il il 1 1 1 ]
0.00 0.02 0.04 0.06 0.08 0.10 0.12
. . p [fm™]
dominant in

Instable regions

p MeV/fm 4]

govern evolution
in stable region

Origin of fluctuations: - initial state correlations  (how important and realistic?)
-> higher order correlations
-> collisions (diss.-fluct. theorem)

The last two are not contained in BUU and have to be reint  roduced,

l.e. the Boltzmann-Langevin eg. has to be solved, at|  east approximatively




m Stochastic Mean-Field (SMF) model :

: _ _ P. Napolitani
Fluctuations are projected on the coordinate space

M. Colonna

g | Boltzmann-Langevin One Body (BLOB) model :
fluctuations implemented in full phase space

Ata given time t,

_ S
In (13, P'f]'l’ falta, pa)= g [ i: { d() W(AB« CD)F(AB—CD)
tor elastic coll. : g Mg

Ly RUm] PIMeV]  400-p, [MeV] e “nucleon wave packets”—

P, A - i = :
ey sl e — ltJIIr.':-t’—SJtJ:TLF r?f_*.:’f{.lﬂft’!‘:i'h*r
Y = i

s v of Niest test-particles
r=35tm

of equal isospin
(acA,beB...)

D
l|l. ;-:' 'la.__ ..l ", | I - i
shape j & ni.?’ia.* - Voo ! ¢ ateach At:
modulation in C | - L :
A\ Y-8 . all phase space is

i e e D O scanned for collisions

- — 8 T . - ™ [

Tl ! —— and all a}_;;gl omerates are redefined

@ Clouds of test particles (nucleons) are moved once a collision happens
@ Shape modulation of the packet ensures Pauli blocking is respected

Napolitani and Colonna, PLB 2013



SE: Microscopic many-body calculations: Marcello Bald 0, NuSYM14
S
50
3 : ) I I 40 O Brown ' ' §
BHF v18 + TBF mic -------- O Zhang : o
40 BHF Bonn B + TBF mic - U1 IAS s Qf'
- APR -+ 7
- [ 1 IAS+R i o
> DEHF Bonn A -~ --- 30 P 8
= chiral -------- - HIC(Sn+Sn) AT =
& 30r 1 v 4
5 = 2
3 ~ 20 b o
= _ =
g 20 1 S 3
S n o
7 3
10F .
10 b - >
s @
0 I 1 I 1 0 L L E
0 0.05 0.1 0.15 02 0.25 0.0 0.5 1.0 o
density (fm-3) Densityp/po )

Low density symmetry energy behave similarly and are consi
structure and HIC.

stent with analyses from nuclear

However, at high densities large differences. -- 3-b

further work required! Investigation heavy ion collisio

ns

ody forces? (Baldo); scaling with density?

90 — : : -- short range tensor force (cut-offr ) and in-medium
BHF v18 + TBF mic - mass scaling (parameter n) (B.A.Li)
80 - BHF BonnB + TBF mic e -
- APR - 00
> DBHF Bonn A -
% 70 BBG Fujiwara --------- = n=0.1 n=10
=) 400, =000 B i
% ol 5 - —u§:=0.05
= > a0 5 70-10 - L
GEJ = —— o =015
E 50 : e -, =020
2 w" 200 |- L L
40 7 =
100 | L L
30 — 0 | L | | | L U : . 5 A \
i i i D 0% 045 0= %0 02 04 06 03 0.0 02 04 06 0.8 00 0.2 04 06 08 10
density (fm-3) p (f®) p (fm”) p (fm”)



Constraints on EoS from Astrophysical Observation

Observations of: Trimper Constraints (Universe Cluster, Irsee 2012)
masses

radii (X-ray bursts)
rotation periods

ENVELOPE
CRUST
‘OUTER CORE
INNER CORE

1
0.0 LR==10Ym 12, e 3 N\ Trcoim 2 e %\
8 10 12 14 16 8 10 12 14 16 18

Radius (km) Radius (km)

1 Largest mass J1614 - 2230

4 Radius, 90% confidence limits LMXB 47 Tuc
(Demorest et al. 2010)

(Heinke et al. 2006)

2 Maximum gravity XTE 1814 — 338

5 Largest spin frequency J1748 — 2446
(Ehattacharyya et al. 2005)

(Hessels et al. 2006)

3 Minimum radius RXJ1856 - 3754
(Triimper et al. 2004)

Increasingly stringent constraint on
many EoS models




Present constraints on the symmetry energy from HIC
discuss for different density regions

Hp———————— 1 80 L p =,

0O Brown ) ] : 7
O Zhang T TeH/TE ratio, -~ Authu
T IAS A4 1 sok Feng, etal. E/A=0.4 GeV
30 _I:I IAS-I_RH_P —
=33 HIC(Sn+Sn)

> ~40r
v )
= :
~ 20 4 = 30k
S \ GDR
n ) 20F

0 -

10F «
\u 1 [
O' . . L 1 N N . N 1
0.0 0.5 1.0 | &
Density ;O/,O‘,l ' ) pion, kaon,..
g collective flow ducti
very low density, around p,, masses, production
clusterization collective excitations pre-equilibrium
emission of
fragmentation, nucleons and
liquid-gas PT light clusters

alks C. Hagel, C. Horowit Contributions to the workshop from all these fields!

almost impossible to summarize in a finite time




Investigation of very low density NSE in Heavy ion coll

e.g. experiment 64Zn+(92Mo,197Au) at 35 AMeV
S. Kowalski, J. Natowitz, et al.,PRC75 014601 (2007 )
J. Natowitz, G. Ropke, S. Typel, .. PRL 104, 202501 (2010)

G o

T (MeV)

=
i

I
v

[0}

.differential“ freeze-out analysis:
source reconstruction,
analysis in terms of v

surf

J[rajectory*

-

Kq(o), fin”

~time of emission
determination of thermodyn. properties as fct of v
determination of symmetry energy

Assumptions need to be checked in transport calculations

10"

10"

10°

10°

107

10°

10°

2

° T T IO T T T TITmr T CTTTT T T TTT00

10°

Eym (MeV)

Isions  C. Hagel

symmetry energy
25

O Data, Wada et al.

m Data, Kowalski et al.
—— Calc T=2, QS
— Calc T=5, QS
— Calc T=10, QS
- - . Calc T=2, RMF
- - . Calc T=5, RMF
- = Calc T=10, RMF

20

15

10

0. Il \-\\\\\\‘ 1 | I T
10° 1072 10"

\
K
e
v
#
#

Equilibrium constants:
mass-action law

=

FA  L-S375

AN Typel et al. NSE

%/ ~RoOpke et al. QSM ~
H. Shen et al. RMF-TM1 %

) G.Shen et al. RMF-NL3

@ G. Shen et al. RMF-FSUGold

U

---M--- Schwenk-Horowitz Viral EOS .
[ ] Voskresenskaya et al. g(RMF)
Hempel and Schaffner-Bielich NSE (Excl. Vol)+*RMF

0.01 0.02 0.03
p, nuc/fm?




S(p) (MeV)

. o/ o/ (=
40 0O BI‘O'W'[]_ | : 60 : I ; T -"r
O Zhang : Te+H/TE ratio, 7 - AutAu
T3 IAS ' 50 Feng. etal. | / E/A=0.4 GeV
30 L IAS+R,, ~"n/p Squeeze—out
=21 HIC(Sn+Sn)
_ :\40 -
!
20 ) 30 i
L GD Au+Au
! 20 E/A=0.26-8 GeW
10 f d
10} . ‘\"‘9 -
0 : . . L L 0 1 L \ ’ . ™
0.0 0.5 1.0 1 2 / q
Dengity p / Po o
Region of low densitiy symmetry energy:
->importance of fluctuations: Langevin terms
Colonna, Napolitani
fragmentation,
liquid-gas PT - isospin transport (migration, fractionation): Colonn a

Present constraints on the symmetry energy from HIC
discuss for different density regions

- isospin diffusion, neck neutron enrichment
- multifragmentation, freeze out approximation
- dynamical fission




E. De Filippo: Dynamical fission at low energies
Break-up of PLF in vicinity of TLF.

160/~
" TLF break-up PLF break-up

PLF 75

c0S(Oppox)




Comparison of IMFs cross sections for

Ratio of oy, /(04,,+0,) as a function of

P. Russotto et al. , Phys. Rev. C91, 014610 (2015) |

IMFs charge Z for the two systems. .

1 r 1 17T 1 1P 1T 1T 1P 10 17T 10 17T 16 17T 17T 1T 11 2
: : 10 T 1T T T 1T 1T 111 | |
sk @ 4 2 ® Dyn ”'ljsn+;JNi
a | | E O Dyn '*Sn+>°Ni
0 10
+, 06 N
- e -
= [ A NS S °1 e
04 A ST I NN B
5T ® Dyn "“'sn+*'Ni 34567 8 91011121314151617 181920 21 22
02k M2a , 58nre N Z
S | QDyn “Sn+"Ni .
2
0 3|. :t :ls :s ; :; ':11'01|1 ||21|31|41|51|61|7llallozluzllzlz 21 BRI LIS B B R T
2 A Stat “'Sn+ Ni
7 510 A Stat "*Sn+>"Ni
N
)
© . L.
e , SUE g swmtistical g
ynamical component: 34567 8 91011121314151617 1819 20 21 22
enhanced for the neutron rich 8 z
T~ T T T RATIO 124/112 T
2 .

Statistical component: almost
equal (A ratio: [1.1 close to the
mass ratio between the systems) —

see also A.B. Mcintosh et al. PRC 81 034603 (2010)

DeFilippo




S(p) (MeV)

Present constraints on the symmetry energy from HIC

discuss for different density regions

r T r T r r r r « » (=
S I Brown | I e — ! L
O Zhang : Te+H/TE ratio, s 7 Aut+Au
T IAS ‘ 50 Feng.etal. | /e EfA=0.4 GeV ]
30 FC IAS+R,, / ~‘n/p Squeeze—out
[ HIC(Sn+Sn) /
_ :\ 40 -
!
20 L 30 .
b & Au+Au
! 20 E/A=0.26-8 GeW
10 nt/n
10} ‘\"‘9 :
O * * . L * * * * L 0 1 1 M ’ a .“‘
0.0 0.5 1.0 1 5 / q
Density p/p| o

around p,. Masses,

Dipole radiation
Clustering in skin
Correlations (S €-L)

Giant resonances: IVGDR, PDR, ISGDR




Correlations

distinguish between

1) correlations between model parameters and an observa

(X. Roca-Maza)

0357

0.3+

® Skyrme

M covariant meson

A covariant point coupling |

| | | L | 1 |

2) and correlations between model parameters, e.g. S

E
0.05 0

2 4 [ 8
p, (MeV/fm’)

10

100

] HIC(Sn+Sn)

25

o, J (MeV me]

-

10 °

C.J.Horowitz, et al., J. Phys. G: Nucl. Part. Phys.

[
=l -] oo O =

Lh

ble, or between observables e.g.

—r=0.97
® FSU
> NL3

g DD-ME

a Skyrme

v SV
¢ SAMi

(b) ]

006 02 024 028 032
Ar  (fm)
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ocand L

(2014) 093001
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L (MeV)

Correlations between model parameters, e.g.

60
B

40 B

50 ——r—— T
- 7
s 4
il
Ay "
e .-'./ar:'...
ER
% /. k/ il
2 25— P
g -
z. < 2
mm 3 //
£, |
7
i 4
;"/
iy §
0 1 1 1 1 | 1 1 1 1 | 1
0 0.5 1
p/p,
T T
£
[Neut, 4
==-lron ski -
2 SOKIn _NES
B, _n’ e\\

-
F3
-

oo SR

20 ¢4

30 32

(MeV)

34

e
P/Pg

-- e.g. SE that fit nuclear masses cross below saturatio  n density,
(some average densitiy of a finite nucleus)
-- induces a correlation between value and slope at  p,,
within the model., L Ky I
eg. in lin. approx. S(p=2p0/3) =T =5+~ I-3
7
=
Z 0.6
(from M. Colonna)
--different observables are sensitive to different den sities
elations

(or ranges of densities) and thus induce different corr

-- crossing point will hopefully fix S and L, which are
independent

-- Represents an extrapolation using a model with

different density dependences
in some cases a wide extrapolation, eg. for neutron star



Neutron Skins with Cluster Correlations

e finite temperature gRDF calculations in spherical Wigner-Seitz cell,
extended Thomas-Fermi approximation
— enhanced cluster probability at surface of heavy nuclei,
effects for heavy nuclei in vacuum at zero temperature?

j 0.35‘ [ T | T | T | T | T | T | T | T | T | T | T | T ]
ln = 1 1 1 1 1 1 L I L 1 1 1 I HI 1 L 1 = - —
m | = - - - -
o " | 3 L o--o0 RH without of correlations ]
E T=5MeV_ | ] 030 |e--e RTF without o correlations -
= | —a with ¢f correlations i
= n=001fm” | ] - RTF with lati ]
= B ! | T —_ - .o =
£ 107k LEgL : 2 £ ok o 3
= F I . 2T .
& - | i - .
= i | i g 0201 —
£ - ]
g -3 { _3 - i
= 10 I = = C ]
E | ] z o5p -
= C ! ] - - .
s T : | S 010 J
% Wik ~ 0 ]
- 005 -
1{:'5 I R B AN T T S T S goplo o L P P b b by L Ly By T

0 5 . 10 15 20 0 10 20 30 40 50 60 70 80 90 100 110 120

racdius r [fm] slope coefficient L [MeV]

important effect for determination of
L via measuerement of skin thickness

S. Typel, arXiv 1403.2851



S(p) (MeV)

Present constraints on the symmetry energy from HIC

discuss for different density regions

40 : - : - : : : :
O Brown I I
O Zhang :
"7 IAS '

30 L0 IAS+R,,
= HIC(Sn+Sn)

-1

20

10

0.0 0.5
Density p/p,

pre-equilibrium
emission of
nucleons and
light clusters

« » [
60 -

-"'
4 - AutAu

TeH/TE ratio, s
Feng, et al. e

o E/A=0.4 GeV ]
/ ~‘n/p Squeeze—out

_ :\40 -
!
L 30 -
:1; Au+Au
! 20 E/A=0.26-8 GeV
nt/n

- discussed in my previous talk and extensively

in open discussion,

- a promising probe of the symmetry energy
and the effective mass splitting

- but needs a reliable treatment of light cluster
production in collisions



S(p) (MeV)

Present constraints on the symmetry energy from HIC

discuss for different density regions

H——————

30 L0 IAS+R,,
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Density p/p,

(S
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« « [
1

',e"'Au+Au
E/A=0.4 GeV |

TeH/TE ratio,
Feng, etal.

GDE Au+Au
Sl E/A=0.26—8 CeV

nt/n
1 L . ’ . R‘
1 2 4 q

collective n/p flow
ASYEO0S Experiment

symmetric EOS: LeFevre




Momentum distributions, “Flow”

Au+Au @ 400 AMeV, FOPI-LAND

prediction — —
04k «n Neutron -
) - @ roton
»p, n squeeze-out + +,0 02-_ A E Eydrog i _-
> 00 f e -
-0.2 . a
=0.4 b —
1 1 1 1 1 1 1 '\
0.00 |l ] ~
N~
3
. -0.05 m
- Directed flow not - y=0.5 -
very sensitive to SE o0} \+Fll5 ' i
. n h L b,
(involves many ks | g
different densities) o S
. . . . W a-stiff lr | ) §
- Elliptic flow in this o | e == 4
i > [T e not very precise (yet) but
energy region probe S o = MIgL E y
of high density indicates rather stiff SE, y~1
FFP1 weghted mean 3 = 10121
0.0 %@ o o
2 £
" . noa no ne no 100 70 4 —®—y=0.5 .§11‘ ‘.l’. gg_,u
W, [*SHTy=15 Wiy et e L s S
:f:;_] (4. soft y=0.5 Y=0.76+0.12 _ o
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Catania 2014) il 1A g Ty,
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A major advance in the search for the high density Symmetr

y Energy!




A. Le Fevre: Analysis of extensive FOPI data on flow with IQMD:
strong constraint of the symmetric EOS
extension of earlier work by P. Danielewicz, et al., Science

Complete shape of va(yo):
a new observable:

Vzn = |vzo| + |vazl,

from fit

va(yo) = V2o * Va2 - Yo©
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S(p) (MeV)

Present constraints on the symmetry energy from HIC
discuss for different density regions

40 ———————

30 L0 IAS+R,,
= HIC(Sn+Sn)

20

10

-1

LAY ol B i

[ 4]
=

0.0 0.5
Density p/p,

1.0

(S

[
o

«
I

» [

TeH/TE ratio,
Feng, etal.

GD

' ,"h/p Squeeze—out

',e"'Au+Au
o~ E/A=0.4 GeV ]

pion, kaon,..
production




Particle Production

Inelastic collisions: Production of particles and res onances: Coupled transport equations

% /

d | N
——Fn (X, ) =leon (Tn e Tns Ounnafa3e--)  €.9. pion and kaon
dt production; » €@
d .
—f(x =] g ff ... coupling of A and strange-
dt A( ,u) coll ( AN ZNYK 'Y 'K ) ness channels. s y o \\
etc.
NN —— NA Many new potentials, elastic and inelastic
T_, NTT —  pk  Crosssections needed, A dynamics in medium
> NAK

Important to fix the EOS of symm. nucl. matter
7

What can one learn from different species? - I
[ @@ =oft EOS, pot ChPT
I i i i B s EOS, pot CRET
* pions : production at all stages of the evolution y 61 T e Eos iovD, pot RMF.
via the A-resonace S-S A e
_ _ “‘;: 5F i1 soft EOS, IZMD, Giessen cs
 kaons (strange mesons with high mass): - X i i e
subthreshold production, probe of high density = 4f .
phase 2 |
. i 3 5 ]
e ratios of /1t and K9K+: &
-> probe for symmetry energy Z 2 | ]
N

0.8 | 1.0 l 1.2 | 14 | 1.6
Fuchs, et al., PRL 86 (01)E



Particle production as probe of symmetry energy

Two effects:

1. Mean field effect: U (. more repulsive
for neutrons, and more for asystiff
-> pre-equilibrium emission of neutron,

reduction of asymmetry of residue

2. Threshold effect, in medium effective
masses:

Canonical momenta have to be coll

conserved. To convert to kinetic
momenta, the self energies enter

In inelastic collisions, like nn->p A, the
selfenergies may change. Simple
assumption about self energies of

)

A.

Yield of nions depends on
g = ainel ?\/S in \/S in

Detailed analysis gives

Competing effects!
Not clear, how taken into account in all studies
Assumptions may also be too simple.

G.Ferini et al.,PRL 97 (2006) 202301

n Y (A7)
p Y (A+,++) ”+
decrease with asy - stiffness

| = l

J'd\72 dv,dv,V,, 0, (2) (2 35( P+ P, =Py ~ Py
X[fl' fz' (1_f1)(1_f2 ) _fl fz (1_f1' )(1_f2l )

2i(A7) = Xi(n),
2 1
Zi(A%) =3 Zim) + 3 Zi(p),
1 2
Zi(Aat) = 3T+ S Zi(p),

i (AT = Zip),

/. : :
—— 1 increase with asy - stiffness
T




Dynamics of particle production (

Au+Au@1AGeV

A, 1K) in heavy ion collisions

Central - T 5 J P Au+Au, 0.6AMeV
density £ ] ependence of ratios 1 ppg—rp—r——
on asy-stiffness A N T
] s L -- Nipd| |
- np ———— [%F4b .
~ - EIZ 1.3 ?‘\ :
-k >0 /A 2 PR i
mand A : 12| ===
T -oE 9 /T[i- L -
multiplicity = °F n \ -
E : at T T
§~ 15| [ [
% of s
. | RN
. A and K: production -
Po in high density phase S [
008 |- Pions: low and high
KO’+ B . B 1 O | 7=
o : density phase - Ja1s
multiplicity  cos|- o o | J2.1
- Sensitivity to asy- ® %_\'; 2.05
oosf- stiffness Sl A = 5
' T NLed g F g
_ 3 E
R ] e NLp S N PO B . P
i : ,-7';;// 1 NL i5 40 .-45 500 55 60
i . _ time [fm/c]
> % 60 ZZevonel

G.Ferini et al.,PRL 97 (2006) 202301



Pion ratios in comparison to FOPI data

Au+Au, semi-central

== MDI, x=0, mod. soft }Xiao,..B.A.Li, PRL 102 (0 9)
-  MDI, x=1, very soft

=ssses NLpS, stiff } Ferini, Gaitanos,.. NPA 762 (05)
====x= NLp, linear

—— =2 stiff } Feng,... PLB 683 (10)

= == SllI, very soft

— - = small dep. on SE J. Hong, P.Danielewicz

@ FOPI exp (NPA 781, 459 (07))

4
S A
m e
3 ;
C = |
g =& 1
mw.ﬂ =
2_

Contradictory results, trend with asy-stiffness differs




P. Danielewicz

?
7 vs Baryon Optical Potentials A«—Nia  Us=Uv+Us

Symmetry-Energy Derived = Potential - independence of pion ratio on SE
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E ; - | = 20%8j,2%%g; -
I 1 I 1 1 0.1 1 I 1 l | |
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pr[GeVic]
but does not fit pion data -> U,(p) modiified (softened) for low momenta  -> inconsistent with ell. flow



D. Cozma

VpiAmi+U(py)+\p3+mi+U(p,)=yp +m3+U(p',)+\p3+m3+U(p"s)

Threshold condition for NN ->NR
VEC
\E:\'mi_ Pk \mi-v K
m
R
7
m,
0 k
mn‘z“‘{':fn.‘?&:mnicx d
O=f=m . . g 40
gz consistent with 10
'b T T T T
AusAu @ 400 AMeV
heth0) i, K=245 MeV
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— iy £ o
g e S
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strong dependence on assumption on threshold condition

consistency with flow can be achieved for stiff SE and GEC

V(A")=v, 42y,
VIA)=V 2V,
via=v. 1y
=Ty 2 ¥

o 3
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L] 2 ¥
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:"El '1+ mt
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however, strongly dependent on
assumption on isovector

A potential



pion production decisively depending on implementation o

threshold condition and in-medium potentials of

more generally: transport theory of particles with finit

,off-shell“ transport,

see Mosel (GiBUU) and Cassing (HSE) groups; not system

T I ' I
| Amass distribution ;
Py = 2py 8= 0.135

T

~ [ x=1 ¢=18,
> T=436MeV
0.4 - :

S
u-q | I. .. '

A TR

S — free space
0 {1’ 1 I 1 | 1

1.0 1.1 1.2
M (GeV)

1.3

antistrange Kaons should be

considered as an alternative, since

small interaction with nuclear

medium

single rations sensitive to SE

Tand A

e width,

A spectral function

f

atically investigated

Comparision to FOPI data: Double ratio

< 2f (Ru+Ru)/(Zr+2r) .
% _ oIl Data (Fopi) x. calculatiop@]
5 | Lopez,
s~ || etal,PRC75 OX)
x 161 (2007)
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G. Ferini, et al., NPA762(2005) 147




Spectra of pion

ratios seem to be more sensitive:

Planned experiment at S Ttrit (MSU, Riken) 300 MeV: R. Shane, J. Estee
calculations with pBUU (P. Danielewicz)

1325n+12sn and b=3fm
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Impressive experimental devolopments: ex.: FAZIA (O. Lopez); FARCQOS (Tririro)
VAMOS-INDRA (Fable)
FAZIA Phase 1 : Pulse Shape Analysis

Some results at the end of phase 1:
Pulse Shape Analysis from E — Charge Rise Time

2000
S
[+}]
g -
>
% 1500
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]

1000/
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; 2 > : 0 515 risdime(is)
= il = 1 J= ==} l 1 ! 1 1 I 1 1 A | | 1 | ] |
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S.Carboni et al., NIMA 664 (2012) 251

Olivier LOPEZ ( ), ASY-EOS Meeting in Piazza Armerina, March 3-6 2015



Final Remarks:

ASY-Eo0S: a field of strong exchange between theory and e  xperiment

largest uncertainties at very low  (p<0.1py) and at high density ( p>2p,)
(clusters) (strongly correlat ed)

mapping of microscopic models to phenomenological appro aches
(both in nuclear structure and in transport calculation ):
(e.g. effective masses, mean field potentials, kinetic energies, medium
cross sections, medium modification of clusters)

development of transport approaches:
fluctuations and fragmentation
dynamical role of light clusters

Direct confrontation with astrophysical questions:
NS, e.g. mass radius relation and other observables
CC-SN: neutrino opacities in the  v-sphere

many things to do in the future
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