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Asymmetry energy and nuclear matte’ng?:}g:i .
What have we learnt from experiments at Si$18 ?
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Overview of experiments performed at GSI over 20 years with HICs at
relativistic energies.

From low densities (probed via isotopic yields): INDRA, ALADiN.

« To high densities (probed via elliptic flows of particles, kaon and pion
yields): FOPI, KaoS, LAND, AsyEOS.

» A tentative synthesis: how HICs compare with recent astrophysical findings.
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o 124,124Xe+112,124,natSn at 50-250 A.MeV
o 197Au+197Au at 40-150 A.MeV

o 12C+197Au/112,1245n at 95-1800 A.MeV
 INDRA-ALADIN Collaboration
* 1999 campaign.

INDRA 4n
~ charged particle multidetector

® L
= F@IR ﬁ HELMHOLTZ
| ASSOCIATION N . R
Arnaud Le Févre - Zimanyi 2020 2




ir .‘ - 5

QRit pethod: sub-satural
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124,124 X e+112,124,nat5n at 50-250 A.MeV
197Au+197Au at 40-150 A.MeV
12C+197Au/112.1245n at 95-1800 A.MeV

12C+197Au @ 1 A.GeV

INDRA-ALADIN Collaboration 197AU+197Au @ 80 A.MeV p @
1999 campaign ' '
peripheral ;
central
h'1 '-ol.zl = (IJ = '052' ' '054' ' 'o!s:
F_\IR ﬁHELMHOLTz }Et Bll y=th'p,
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o 124,124Xe+112,124,0atSn at 50-250 A.MeV
« 197Au+197Au at 40-150 A.MeV

o 12C+197Au/112,1245n at 95-1800 A.MeV L 2C+97Au @ 1 A.GeV
« INDRA-ALADIN Collaboration 197Au+197Au @ 80 A.MeV p
* 1999 campaign

peripheral

central
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pIsoscaling = a common phenomenon to many different

types of HIC’s.

[ ] g \ :
Gsn&iFélR B weimmoLrs A.LeF 1., PRL 94, 162701 (2
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pIsoscaling = a common phenomenon to many different
types of HIC’s.
» A general feature of statistical evaporation and

multifragmentation models.
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pIsoscaling = a common phenomenon to many different

types of HIC’s.

» A general feature of statistical evaporation and
multifragmentation models.

» Obtained by comparing isotope yields from identical
reactions with different projectile (1) & target (2) isotopes

w yield ratios scaling like (macrocanonical assumption)
R21(N,Z2) =Y2(N,Z)/Y1(N,Z) = C.exp(aN + BZ)
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pIsoscaling = a common phenomenon to many different

types of HIC’s.

» A general feature of statistical evaporation and
multifragmentation models.

» Obtained by comparing isotope yields from identical
reactions with different projectile (1) & target (2) isotopes
w yield ratios scaling like (macrocanonical assumption)
R21(N,Z2) =Y2(N,Z)/Y1(N,Z) = C.exp(aN + BZ)
»S(N)=R21(N,Z) / exp(BZ)

L J g &)
=i §§ FG\'R B neomnorrs A Le Févre ctal., PRL 94, 162701 (2005)
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pIsoscaling = a common phenomenon to many different
types of HIC’s.

» A general feature of statistical evaporation and
multifragmentation models.

» Obtained by comparing isotope yields from identical
reactions with different projectile (1) & target (2) isotopes
w yield ratios scaling like (macrocanonical assumption)
R21(N,Z2) =Y2(N,Z)/Y1(N,Z) = C.exp(aN + BZ)
»S(N)=R21(N,Z) / exp(BZ)

poT = Apn = 4 v ((Z1/A1)? - (Z2/A2)?)
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pIsoscaling = a common phenomenon to many different
types of HIC’s.

» A general feature of statistical evaporation and
multifragmentation models.

» Obtained by comparing isotope yields from identical
reactions with different projectile (1) & target (2) isotopes
w yield ratios scaling like (macrocanonical assumption)
R21(N,Z2) =Y2(N,Z)/Y1(N,Z) = C.exp(aN + BZ)
»S(N)=R21(N,Z) / exp(BZ)

poT = Apn = 4 v ((Z1/A1)? - (Z2/A2)?)

PEasy =7 (N - Z)2/A

’ % IC 1 : 1-b/b
E=u FG\'R G veimmorrs A LeFévieetal, PRL 94, 162701 (2005) max
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pIsoscaling = a common phenomenon to many different
types of HIC’s.

» A general feature of statistical evaporation and
multifragmentation models.

» Obtained by comparing isotope yields from identical
reactions with different projectile (1) & target (2) isotopes
w yield ratios scaling like (macrocanonical assumption)
R21(N,Z2) =Y2(N,Z)/Y1(N,Z) = C.exp(aN + BZ)
»S(N)=R21(N,Z) / exp(BZ)

poT = Apn = 4 v ((Z1/A1)? - (Z2/A2)?)

PEasy =7 (N - Z)2/A

» Experimental results:

’ % IC 1 : 1-b/b
E=u FG\'R G veimmorrs A LeFévieetal, PRL 94, 162701 (2005) max
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p[soscaling = a common phenomenon to many different - . 300
types of HIC’s. i o 600
» A general feature of statistical evaporation and S 04 _ . . _
multifragmentation models. 0.2 ¢ ° -
» Obtained by comparing isotope yields from identical
reactions with different projectile (1) & target (2) isotopes S 103_ _
w yield ratios scaling like (macrocanonical assumption) é’ 8 -
R21(N,Z) = Y2(N,Z)/Y1(N,Z) = C.exp(aN + BZ) I -
T ]
»S(N)=R21(N,Z) / exp(BZ) = B
boT = Atn = 47 (Zi/A1)? - (Zo/A2)?) ]
MEasy =7 (N - Z)2/A s ¢ ;
» Experimental results: g 20 _ T [ E
»y =25 MeV for peripheral events (liquid-drop model j sk % ﬂ ¢ ]
standard at po) : j J
10 L '

0 0.2 0.4 0.6 0.8 1

& TS 1 A 1-b/b
= § i FG\'R G veimmorrs A LeFévieetal, PRL 94, 162701 (2005) max
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p[soscaling = a common phenomenon to many different 06 . 300
types of HIC’s. B © 600
» A general feature of statistical evaporation and © 04 _ . . _
multifragmentation models. 0.2 o -
» Obtained by comparing isotope yields from identical
reactions with different projectile (1) & target (2) isotopes = 103_ —
w yield ratios scaling like (macrocanonical assumption) é’ 8 -
R21(N,Z) = Y2(N,Z)/Y1(N,Z) = C.exp(aN + BZ) I -
T ]
»S(N)=R21(N,Z) / exp(BZ) = ]
»oT = Apn = 4 v (Z1/AL)? - (Zo/A2)2) S
}Easy =7 (N - Z)2/A _ 50 ¢ -
» Experimental results: g 20 _ T [ _
»y =25 MeV for peripheral events (liquid-drop model j sk % ﬂ s
standard at po) - l J
»y =10 MeV for central events (cluster p << po ?) 10(; 0.|2 0.|4 o_le 013 _1

& TS 1 A 1-b/b
= § i FG\'R G veimmorrs A LeFévieetal, PRL 94, 162701 (2005) max
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AN(Z)2
(A ) 3 0.4
In central collisions: corrections to the apparent
asymmetry energy 0.2
To be taken into account:
effect of secondary decay : model dependent. 0

change in A(Z?/A?) : model dependent.

[ SMM Markov chain

lllllllllllll

[ central acold' ~029
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Y (MeV)
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The S254 experiment (2003)

ALADIN,

M
Agnet: TR-MUSIE 1

= TRRWall,
|~

, 0 -Detector

C. Sfienti et al., Nucl. Phys. A 749, 83c (2005).

W. Trautmann et al., Int. J. Mod. Phys. E 17, 1838 (2008).

C. Sfienti et al., Phys. Rev. Lett. 1'02, 152791 (2009)'. — ' '
0 I e 3 4 9

-
]
o
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Magnet:

TR-MUSIC Y|

TERFWall,
|~

, 0 -Detector

C. Sfienti et al., Nucl. Phys. A 749, 83c (2005).
W. Trautmann et al., Int. J. Mod. Phys. E 17, 1838 (2008). '
C. Sfienti et al., Phys. Rev. Lett. 1'02, 1527IOI (2009)'. -— . . '

0 I 2 3 4 a9 d] 7 gm

=5 F_\IR # neLmnoLtz
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Isotoplc method: sub-saturation densi
N xALADlN x

.

The S254 experiment (2003)

ALADIN,
Magnet,

T]PMMUS@ Y]

 TOF-Wall,

0 -Detector

C. Sfienti et al., Nucl. Phys. A 749, 83c (2005).
W. Trautmann et al., Int. J. Mod. Phys. E 17, 1838 (2008).
C. Sfienti et al., Phys. Rev. Lett. 102, 152791 (2-009).'

0 1 23 4
Neutron rich/poor projectiles: °7Au,?* Sn/
E; . = 600A MeV( =~ 1000 pps)

Arnaud Le Févre - Zimanyi 2020 6

Secondary Beams
(Low Intensities!)
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Isotopic method: sub-saturation densities
ALADIN - IQMD-FRIGA Model benchmarking

publication on preparation...
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I 107Sn

—@— 'QMD(H}+FRIGA (-4t )

—S— id.sM

= =/ -+ IQMD(H)+MST (200 fm/c, prim.)|

@  ALADIN data "’Sn

—@— 'QVD(H+FRIGA (2-4t )

—5— id.SM

- =A - IQMD(H)+MST (200 fm/c, prim.)

—@— IQMD(H}+FRIGA (2-4t )

—C— id. SM

- <A -+ IQMD(H)+MST (200 fm/c, prim.)|

—@— 'QVMD(H)+FRIGA (24t )

—— id. SM

IQMD(H)+MST (200 fm/c, prim.)

ALADIN data

A

»197Au

’ @  ALADIN data ""Au

|

bound

FAIR ﬁ HELMHOLTZ
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FRIGA: A. Le Fevre et al., PRC100 (2019) 034904 -

V4

IQMD: Hartnack et al.
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publication on preparation...
—

f

3_

i 107Sn

IVIIMF

—@— 'QVD(H)+FRIGA (-4t )

—S— id.sM

- -A - - IQMD(H)+MST (200 fmyc, prim)

@  ALADIN data "’sn

—@— 'QVD(H)+FRIGA (24t ) —
—O— id. SM
- A - - IQMD(H)+MST (200 fm/c, prim.

@  ALADN data *'Sn

—@— 'QVD(H)+FRIGA (-4t )
—C— id. SM
- <A - - IQMD(H)+MST (200 fmyc, prim.)

@  ALADIN data *La

| —@— IQMD(H)+FRIGA (2-4t )

—— id. SM
~ =/ = IQMD(H)+MST (200 fm/c, prim.)

@ ALADIN data

| @  ALADIN data ""Au

A

—197Au

Zm ax

FAIR #

40
Z
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IVIIMF

Zm ax

== FAIR 4
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publication on preparation...
e

—@— 'QVD(H)+FRIGA (-4t )

—S— id.sM

- -A - - IQMD(H)+MST (200 fmyc, prim)

@  ALADIN data "’sn

—@— IQVD(H)+FRIGA (24t )

—O— id. SM

- A - - IQMD(H)+MST (200 fm/c, prim.

@  ALADN data *'Sn

—@— 'QVD(H)+FRIGA (-4t )
—C— id. SM
- <A - - IQMD(H)+MST (200 fmyc, prim.)

@  ALADIN data *La

- -

IQMD(

(H)+MST (200 fm/c, prim.)

ALADIN data

A

—197Au

| @  ALADIN data ""Au

bound

HELMHOLTZ
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FRIGA: A. Le Fevre et al., PRC100 (2019) 034904
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Isotopic method: sub-saturation densities
ALADIN - sensitivity to the asymmetry energy

publication on preparation...

IQMD: E,,, (L) = B + X" = 23 3MeV(LZy + 9Mev(L)?3
Po

asy asy

Po Po

B.sy (MeV)

SN FAIR ﬁHELMHOLTZ
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Isotopic method: sub-saturation densities §
ALADIN - sensitivity to the asymmetry energy s

publication on preparation...

IQMD: E, (£-) = B2 + Ekin = 23 3Me V(L) + 9Me V(L)
Po Po Po

IQMD-FRIGA (SM) - v, =
[ "au"a 0.5 l Sn+""°Sn at 600 A.MeV, b = 6.8 fm |
> F > F
s  f 2 197 5 F
s 10§ | 1 Au & 105
=R & [ 1.5 5 F
S ALADIN data E Ll
10_1 El 10—1 =t
10—2 § 1 0—2 %
107 Al R B BN ULE AR 107 % ‘ N R = M
0 10 20 30 40 0 10 20 30 40
l 7Sn+"Sn at 600 A.MeV, b = 6.6 fm | 4 [ ™% 2+ °Sn at 600 A.MeV, b = 6.8 fm | Z

multiplicity
o

= P =
- ) i
? a 10;
: ER
e 15
1Ll :
1077 107y
il -
10 % 10—2?
sl g
108‘“ ‘ o =
0 10 20 30 40
= 5 FAIR ﬁHELMHOLTZ Z
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Isotopic method: sub-saturation densities ;
ALADIN - sensitivity to the asymmetry energy .

publication on IQMD-FRIGA (SM) - Y asy™
preparation... 0.5 O<
2/3
------- 1
------------- 15

® ALADIN data

Widths of mass distributions:

even larger sensitivity

SN FAIR ﬁHELMHOLTZ
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Isotopic method: sub-saturation densities

ALADIN - sensitivity to the asymmetry energy s
publication on  'QMD-FRIGA (SM) - v, =
: 0.5 < I [
preparation... ©
2/3 \
------- 1
------------- 1.5

® ALADIN data

Widths of mass distributions:
even larger sensitivity

A\ probed densities are strongly

related to the cluster size: Yo/
1,197Au Ok 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 L 1 1 1 1 | 1 1 1 1 | 1 1 1

<p>/pP

SN FAIR ﬁHELMHOLTZ

| ASSOCIATION

Arnaud Le Févre - Zimanyi 2020 9



Isotopic method: sub-saturation densities
ALADIN - sensitivity to the asymmetry energy

publication on
preparation...

= minimisation of)(2(7/) on ox(Z)
within 4 intervals of Z < various ™

IQVID-FRIGA (SM) - y
0.5

density intervals probed

= highest expectancies of E;,(p)

r cluster -

asy=

<5

o

119744

<p>/pP

0.5— -

D@

=% FAR

HELMHOLTZ
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Is@toplc method: sub-saturation den5|t;e§i £y
ALADIN - Synthesis over all systems - =
and how its compares with recent findings'+

* Neutron rich systems are the most
sensitive for this type of analysis

- ALADIN (0.6-0.8 po)
» L =60.4+5.9 MeV

» Yasy = 0,60  0.06

* Cross-checking with other models
than IQMD needed. All this is
preliminary.

Work to be published...

FAIR #
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Ist results at GSI with KaoS data:

! | ! |

= ——1- IGMD, Hartnack et al. _|
——
O N Soft ® Data]
N N
2 4 B ~- - - .\. i p—
~ B T~ : : <~ 7
A4 Hard

- RAMD, Fuchs et al
0 ] ] ] |

1.0 1.5
E,... (GeV)

Data: C. Sturm et al., PRL 86 (2001)

39
’ ‘*
GE].%% Fé‘ih ﬁHELMHOLTZ
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Ist results at GSI with KaoS data:

K* (Au/C)

Elliptic flow method: high densities
FOPI and the incompressibility Ko

| |
| ——1- IGMD, Hartnack et al. _|
N Soft ® Data]

1.0 1.5
E,.... (GeV)

Data: C. Sturm et al., PRL 86 (2001)

39
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FOPI 1990°-2000° campaigns
AutAu @ 95 - 1500 A MeV
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l | | I'lm(\
\\\\\

\\'

Arnaud Le Févre - Zimanyi 2020

11



Ak o e RN GNP g ! | R R
| Elllptlc flow method high densities

FOPI and the incompressibility Ko

Before the collision after the collision

Spectators

Spectator

R —— e —

SN FAIR /HELMHOLTZ
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Elliptic flow method hlgh densmes
FOPI and the incompressibility Ko

Flows at high density in heavy-ion collisions

_dib _ Ny ol
d((l) - ¢R) (y,pt) . 21t (1 N 2; % Cosn(q) q)R)j Squeeze-out vz
Y = rapidity Y

p, = transverse momentum Reaction plane

®r = reaction plane azimuthal angle

V1 = 'side/directed flow', cos(®-&) mode

2 2
p.—P
VZ(yapt)=< 2 y> X

t

‘Elliptic flow": cos(2(®-@r)) mode, competition between ‘in-plane’ (V,>0) and ‘out-of-plane’
ejection (V<0).

e — e ——

SN FAIR ﬁHELMHOLTZ
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he incompressibility Ko

Elliptic flow
Au+Au 1.2A GeV 0.25<b,<0.45 protons
~ T T | T | T T | T | T L=
0.08 - T -
0.04 - —+ =
?C\I
i 1 ‘-
0.00 : % 380 MeV (‘stiff’)
[ IQMD-HM IQMD-HM \I\ 200 MeV (‘soft))
- A IQMD-SM - IQMD-SM
0 FOPI
-0.04 .. | . | . | vy | . | . | .
-0.5 0.0 0.5 -0.5 0.0 0.5
yo y0
=1 F-\IR £ weLmsoLrs A. Le Févre et al., NPA 945 (2016) 112-133
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‘ Complete shape of va(yo):
a new observable:
Elliptic flow van = |vao| + |vaz],
from fit
va(Yyo) = V20 + V22 . Y02
Au+Au 1.2A GeV 0.25<b,<0.45 protofs = ———————
~ T T | T | T T | T | T | L=
0.08 - T u
0.04 - —+ s
?C\I
I 1 ‘oo
0.00 : 380 MeV (‘stiff’)
[ IQMD-HM IQMD-HM \‘I\ 200 MeV (‘soft))
- A IQMD-SM - IQMD-SM
[ FOPI
-0.04 | | | a | . | | .
-0.5 0.0 0.5 -0.5 0.0 0.5
yo y0
== F-\IR £ neLumolrz A. Le Fevre et al., NPA 945 (2016) 112—-133
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Elliptic flow method: high densities
FOPI and the incompressibility Ko

&
>

0.30
<> Van(Ebeam) varies by a factor 0.25
%1.6, >> measured uncertainty
(¥11) 0.20
-» clearly favors a 'soft' EOS.

0.15

0.10

0.05

=% FAR

HELMHOLTZ
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0.25<b0<0.45 up>0.4

[ | [ | [ | [ | [ [ |
N O 5 ]
0 5 —
@ .
} |

_____ | S SO S
B i i ? -
: 1 2
[l HM .
Au+Au ISM  —
protons ] FOPI -
T R D T SR B

04 06 08 10 1.2 14 1.6
beam energy (A.GeV)

A. Le Fevre et al., NPA 945 (2016) 112—-133
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VAY OPI and the incompressibility Ko
rom
0.25<b0<0.45 uto>0.4
T T T T T T T T T T T T 1.2 T 1T T T T T T T T T
10 i % % - i ; % i
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» In the QMD model, the EOS

must be correct over a broad
range of densities in order to
predict the observed elliptic
flow.

The density range, relevant to
the EOS evidenced by the FOPI
Collaboration, spans in the range

p=(1-3)po.

E=I F_\IR @ nemnoLrs A. Le Fevre et al., NPA 945 (2016) 112—-133
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Elliptic flow method: high densities
FOPI and the incompressibility Ko

HM/SM/FOPI

- T T T T | T T T T | / T T

8 / A

Ko as from FOPI flow data
IOMD — > K, = 190 = 30 MeV
[A. Le Févre et al., NPA945(2016)112-133]
UrQMD — > K, = 220 =40 MeV
[Y. Wang et al., PLB-778(2018)207-212]

: FOPI
. constraint

v

E/A (MeV)

1 2
GMR/, pl)/ P, FOPIdensity rlange

constraint

E=I F_\lR @ nemmoLrz A. Le Fevre et al., NPA 945 (2016) 112—-133
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I)I Pion yield method: high densities
FOPI and the asy-stiffness

Data: W. Reisdorf et al., NPA 781 (2007)
Calculations: Z. Xiao et al, PRL 102, (2009)

Symmetry energy influences n/p ratio — A
changes number of nn, np, pp collisions [ Au+Au, o FOPI
Simple ansatz: assume stiff asymmetry energy [ b<25fm i
3 < IQMD
n Y(A”) T N
= 7 = E r
> | Y(A+’++)¢ — | = | soft
2_

BUT: super-soft Easy from Xiao et al. is ' hard
inconsistent with results from neutron and -
1 PR T N [ ST T T N TN T SN (NN U ST TR (Y U ST T N S T T N TN T
proton ﬂOW 0 0.2 0.4 B 0.6 (A(O}.zv) 1 1.2 14
. beam
Complex medium effects have to be 100 ———— 17— I
Considered MDI interaction .

80

|
%

pion optical potential, self energies different
for r-and 1+
potentials and characteristics of A
s- vs p-wave production e 40
Work in progress, no conclusions
soft «» hard < no dependence on Easy

‘ FA'R ﬁHELMHOLTZ
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Elllptlc flow v, of n/p

UrQMD (Q. Li et al.) predicts:

hard” Eqm(P) neutron flow much larger
—

"soft” Es,nm(P) neutron, proton flow equal

Towards model invariance:
tested stability with different models:

> observation is robust
> various microscopic models tested
> independent on input parameters

M.D. Cozma et al.,PRC 88, 044912 (2013)
P. Russotto et al., PLB 267 (2010)
Y. Wang et al.,PRC 89, 044603 (2014)

SN FAIR ﬁHELMHOLTZ
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UrQMD: Qingfeng Li et al.
Data. W. Reisdorf et al. yo

£ uj ’ "
| Elliptic flow method: high dens'{iesm
: Asy-EOS

ﬁu

Au+Au 4564, I\/IeV

0.25<b,<0.4
o FOPI protons —
asy -h
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e

“\Elliptic flow method: high densities~ * '
Asy- EOS \ ijisﬁ =1

1.4 o

v=0.75+0.10 -

asy-hard 1.2 8/

¥=1.5 O

< &2

~ 1 28

= 3

asy-soft S =

v=0.5 > 08F B

+ asy-soft §

0.6 U 2

| 2

0 — : ' ' g4 ——1—1—L 1T Al

0 0.5 1 1.5 2 0.3 0.4 0.0 0.6 0.7

p/p, p/A (Gev/c)

parametrization for Easy used in the UrQMD model:
ESym = Esympot+ESymkin = 22 MeV:(p/p,)'+12 MeV-(p/p,)?3

systematic errors corrected: y = 0.72 £ 0.19
slope parameter: L =72 + 13 MeV, E(p,) = 34 MeV

slope parameter: L = 63 + 11 MeV, E,(py) = 31 MeV
SN FA'R ﬁHELMHOLTZ
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L4

A tentative synthesis: W
how HICs at GSI q‘)mpa;dlvith recent astrophysica : '

= DBHF (BonnA) ' — skwm+ T
- s BHF AV, 4+3-BF —— SklLya
| S var AV, 4+3-BF i —— DBHF
R 40F— N3 00 === varAV,g + 8v +
< HECEEED DD-TW < — NL3
) —— ChPT ® | ----- DD-TW
= 20— Skhard j = oo DDpb
o —_ c —— ChPT
w0k vy uf 50
yy P. Russotto et al. FOPI.LAND
_______ Lo Fovre ot al PLB 267 (2010) | data
. Lerevre etal., PR tt t |_’
20, | | [T NPA(2016) A | | PRCTZZO(z%ne?)a
— O S L ] ] 1 1
O 05 1 15 2 25 3 0O 05 1 15 2 25 3
P/po p/po

equation of state of symmetric nuclear mauer

asymmetry energy
can be constrained by the systematic study of comparison of the flow of
neutrons, protons and charged particles

SN FAIR ﬁHELMHOLTZ

| ASSOCIATION

Arnaud Le Févre - Zimanyi 2020 22



A tentative synthesis: AT
how HICs at GSI c‘:mpad&vith recent astrophysica ndi

- SRR Yasy=0'5
» Neutron rich systems are the most sensitive % (| f’S
for this type of analysis > i i
S—" 107 .
« How it extrapolates and binds to findings at > e ((Itk:'j)w o
supra-saturation densities : LIJm 60| — s ioia)
. o L | —— "¥"Au (ibid.)
* ALADIN (0.6-0.8 po) (preliminary) AsyEOS
» [ =60.4=+59MeV ° s;OW“
L ang
» =0,60 + 0.06 clusters (Wada)
Yasy 401 {UIAS+R,, (Danielewicz)
® ASYEOS (1—2 po) | Sn+Sn (Tsang)

» [ =63+11 MeV
» YVasy = 0.68 +0.19
(for EpoY(po)=19 MeV) 20
orL=72+13 MeV
and 'Yasy = 072 + 019
(for EpoY(po)=22 MeV)

Oaﬂf“]“‘y||||||||||||||||||
0 0.5 1 1.5 2

/P,
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* Neutrons stars probe the nuclear EoS: produced in core collapse supernova

« Extremely compact, massive objects R ~ 10km, mass 1 — ZMQ

* Extreme densities, core density: 5-10 times nuclear density, average mass density ~3.5 times nuclear density

3P0 5p0
T T [ T T T

I T T
[ PSR J0740+6620 //—x PSR J1614-2230 |

-
e

double neutron e N3 7
stars (DNS) D'C i

—— DBHF (Bonn A)| |

1 I 1 11

! ' R R R Loy !
0.6 0.8 1.0 1.2
n(r=0) [fm”]

T. Klachn et al., Phys. Rev. C74: 035802, 2006
SN FAIR ﬁHELMHOLTZ A N
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A tentative synthesis: ”: ; ’?A
how HICs at GSI| compare with recent astrophysm‘al, ngs\q

* Neutrons stars probe the nuclear EoS: produced in core collapse supernova

« Extremely compact, massive objects R ~ 10km, mass 1 — 2M®

« Extreme densities, core density: 5-10 times nuclear density, average mass density ~3.5 times nuclear density

* Gravitational waves generated by neutron star mergers (2 NS spiralling inward):

_l_hﬁ_l_r||il|

— PSR J1614- 22%0 ]
SWIFT NEUTRON STAR Eer ko) X .
COLLISION V.2 e —— e\
Eaaa NLp |

-=--= NLpd

n —_——— D3C
——- DD-F4 ]
ANIMATION: DANA BERRY -—-— KVR ]
310-441-1735 ——- KVOR R
== BBG i
PRODUCED BY ERICA DREZEK DBHF (Bonn A)| |
1 I 1 1 1 1 I 1 1 1

I BT
0.8 1.0 1.2
n(r=0) [fm”]

T. Klaehn et al., Phys. Rev. C74: 035802, 2006
ESN FAlR ﬁHELMHOLTZ y
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-

how HICs at
) P

* How can we combine AsyEOS and ALADIN results to deduce

the pressure in a neutron star?

« Have
(PLT(Ky) + Py ()5

0 =09 (5%protons + degenerate e”)

« L asfrom AsyEQOS at 1-2po
[Russotto et al. PRC94(2016)034608]

« L as from ALADIN at 0.7po

Ko as from FOPI flow data
IOMD — > K, =190 = 30 MeV
[A. Le Févre et al., NPA945(2016)112-133]

UrQMD — > K, =220+40 MeV
[Y. Wang et al., PLB-778(2018)207-212]

=5 F_\IR # neLmnoLtz

| ASSOCIATION

Gravitational Wave 170817

B. P. Abbott et al. (The LIGO Scientific Collaboration and the Virgo Collaboration)

Phys. Rev. Lett. 121 (2018), 161101

1037
§ ALADIN+FOPI /
s AsyEOS+FOPI =
=
8 iiiiiiiiifpninerni
) e —
CO TR
~—
=
=.10%:
<Y
1 33
! S S S
S < <
1032 < ~ S
1014 1015
3
plg/cm’]
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1037

1036 J

GW170817

B. P Abbott et al. (The LIGO Scientific Collaboration and the Virgo Collaboration)
Phys. Rev. Lett. 121 (2018), 161101

ALADIN+FOPI

D
(= AsyEOS+FOPI

2Pnuc

6pnuc

1015
plg/cm?
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== FAIR 4

Heavy-ion collisions are a powerful tool to determine the nuclear EoS,

including the asymmetry energy. SIS18 energies allowed to probe a
broad range of densities.

HELMHOLTZ
| ASSOCIATION

GW170817
B. P Abbott et al. (The LIGO Scientific Collaboration and the Virgo Collaboration)
Phys. Rev. Lett. 121 (2018), 161101
1037
E ALADIN+FOPI
= AsyBOS+FOPI
1036 J
g
£ 10%
O
£
=o10M
SF
1033 J
Y L QL
30 [aN] NeJ
10 -
1014 1015
3
plg/em’]
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== FAIR 4

Heavy-ion collisions are a powerful tool to determine the nuclear EoS,

including the asymmetry energy. SIS18 energies allowed to probe a
broad range of densities.

Isotope yields inform on the low density behavior of E.s, whereas
elliptic flows provide the sensitivity up to around 3p,,.

HELMHOLTZ
| ASSOCIATION

GW170817

B. P. Abbott et al. (The LIGO Scientific Collaboration and the Virgo Collaboration)

Phys. Rev. Lett. 121 (2018), 161101

+ ALADIN+FOPI

= AsyEOS+FOPI

6pnuc
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« Heavy-ion collisions are a powerful tool to determine the nuclear EoS,

including the asymmetry energy. SIS18 energies allowed to probe a
broad range of densities.

* Isotope yields inform on the low density behavior of E.s,, whereas
elliptic flows provide the sensitivity up to around 3p,,.

» Kaon yields and pion yield ratios provide an interesting sensitivity on
Ko and L respectively, near their production threshold.

® o
e % FAIR # ey

GW170817
B. P. Abbott et al. (The LIGO Scientific Collaboration and the Virgo Collaboration)
Phys. Rev. Lett. 121 (2018), 161101
1037
E ALADIN+FOPI
= AsyBOS+FOPI
1036 J
1035
1034
1033
g S 3
= = =
< s s
1032 i
101 10"
3
plg/em’]
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« Heavy-ion collisions are a powerful tool to determine the nuclear EoS,
including the asymmetry energy. SIS18 energies allowed to probe a
broad range of densities.

* Isotope yields inform on the low density behavior of E.s,, whereas
elliptic flows provide the sensitivity up to around 3p,,.

» Kaon yields and pion yield ratios provide an interesting sensitivity on
Ko and L respectively, near their production threshold.

* Concerning pion yield ratios: still some efforts needed to reconcile
transport models, seen the many effects involved.

e % FAIR # ey

GW170817
B. P. Abbott et al. (The LIGO Scientific Collaboration and the Virgo Collaboration)
Phys. Rev. Lett. 121 (2018), 161101
1037
E ALADIN+FOPI
o AsyEOS+FOPI
-
10%
g
g 10%
O
£
=o10M
IS8
10%
g S 3
= = =
$ R S
9 [aN] NeJ
10 T
1014 1015
3
plg/em’]
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' Conclusion and perspectives
! ’? persp

« Heavy-ion collisions are a powerful tool to determine the nuclear EoS,
including the asymmetry energy. SIS18 energies allowed to probe a
broad range of densities.

* Isotope yields inform on the low density behavior of E.s,, whereas
elliptic flows provide the sensitivity up to around 3p,,.

. . . . . . . o e e GW170817
« Kaon yields and pion yield ratios provide an interesting sensitivity on 5P Abboit et al. (The LIGO Scieniic Collaboration and the Virgo Collaboration)
. . . Phys. Rev. Lett. 121 (2018), 161101
Ko and L respectively, near their production threshold. 1037
5 ALADIiN+FOPI /
* Concerning pion yield ratios: still some efforts needed to reconcile . AsyEOSHFOPI

transport models, seen the many effects involved.

* Combining FOPI, AsyEOS and ALADIN results allows to predict a
density dependance of the pressure in a neutron star, from =~ 0.5p, to
~ 2p, , with a challenging accuracy (though improvable), compatible
with recent astrophysical measurements deduced from gravitational
waves. A future AsyEOS experiment is planned at GSI at higher
incident energy to further constrain the asymmetry energy up to = 3p,,.

p [dyn/cm?]

10 1015
plg/em]
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Conclusion and perspectives
X !

« Heavy-ion collisions are a powerful tool to determine the nuclear EoS,
including the asymmetry energy. SIS18 energies allowed to probe a
broad range of densities.

* Isotope yields inform on the low density behavior of E.sy, whereas
elliptic flows provide the sensitivity up to around 3p,,.

. . . . . . . o e e GW170817
« Kaon yields and pion yield ratios provide an interesting sensitivity on 5P Abboit et al. (The LIGO Scieniic Collaboration and the Virgo Collaboration)

. . . Phys. Rev. Lett. 121 (2018), 161101
Ko and L respectively, near their production threshold. 1037 —

5 ALADIN+FOPI /

* Concerning pion yield ratios: still some efforts needed to reconcile . AsyEOSHFOPI
transport models, seen the many effects involved.

* Combining FOPI, AsyEOS and ALADIN results allows to predict a :
density dependance of the pressure in a neutron star, from =~ 0.5p, to
~ 2p, , with a challenging accuracy (though improvable), compatible
with recent astrophysical measurements deduced from gravitational
waves. A future AsyEOS experiment is planned at GSI at higher
incident energy to further constrain the asymmetry energy up to = 3p,,.

* Question our error bars, must be included: reliable model dependencies
and corrections due to determinations of Ko and L at non zero

temperature.
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Conclusion and perspectives

« Heavy-ion collisions are a powerful tool to determine the nuclear EoS,
including the asymmetry energy. SIS18 energies allowed to probe a
broad range of densities.

* Isotope yields inform on the low density behavior of E.sy, whereas
elliptic flows provide the sensitivity up to around 3p,,.

. . . . . . . o e e GW170817
« Kaon yields and pion yield ratios provide an interesting sensitivity on 5P Abboit et al. (The LIGO Scieniic Collaboration and the Virgo Collaboration)

. . . Phys. Rev. Lett. 121 (2018), 161101
Ko and L respectively, near their production threshold. 103 —

5 ALADIN+FOPI /

* Concerning pion yield ratios: still some efforts needed to reconcile . ASYEOSIFOPI
transport models, seen the many effects involved.

* Combining FOPI, AsyEOS and ALADIN results allows to predict a :
density dependance of the pressure in a neutron star, from =~ 0.5p, to
~ 2p, , with a challenging accuracy (though improvable), compatible
with recent astrophysical measurements deduced from gravitational
waves. A future AsyEOS experiment is planned at GSI at higher
incident energy to further constrain the asymmetry energy up to ~ 3p,.

* Question our error bars, must be included: reliable model dependencies 1032 ,
. . . 14 15
and corrections due to determinations of Ko and L at non zero 10 s 10
temperature. plg/cm’]

« Beyond 3 —4p, (FAIR, NICA), new observables needed to constrain L

and Ko. A new generation of relativistic transport models must arise,
benchmarked e.g. with data taken at SIS18 at the highest available beam
energies (FOPI, HADES).
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