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Motivation: Equation of state of nuclear matter

EOS in thermodynamics pressure P(p,T)

_ L 0E/4 100 [Fuchs and Wolter, EPIA 30 (2006)
0P | const i 'DBHF (BonnA) |
<EOS L BHF AV,,+3-BF
Nuclear physics EOS | var AV 23 BF
NL3
—=E/A()| _ feee
A T=0 I I——
Nuclear incompressibility K % 50
0“E/A
=907 520" =
P=Po
Asymmetry parameter 6 = % E
nTPp
Symmetry energy E,n, L
E(p,8) = Esyu(p, 8 = 0) + 62Egym(p) + 0(5%) O K5 —
mit D i, - : tter
0=0
P—Po Ksym p_pO 2 N 1 1 1 1 l 1 1 1 1 l 1 |_
Eom = Bomo +5(522) + 55 (522 4+ o 1 2
aEsym p/po

Slope L = 3pg,
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OFF plane emission

s

hounce off

impod parameter b

reacion plane

hounce off /y\

OFF plane emission | squeeze-out RieEIRe[SilelgaaElile]y

0.10

0.08

~ 0.06

p (fm

0.04

0.02

0.00



Probing the EOS of symmetric matter with Kaon production

—— DBHF (BonnA) |
p— BHF AV, ,+3-BF
------ var AV, .+3-BF

40— N3 °
Jr— DD-TW
—— ChPT

Sk hard

C. Sturm et al., PRL 86 (01) 39
Ch. Hartnack et al., PRL 96 (2006) 01230

S
C. Fuchs et al. PRL 86 (2001) 1974 o
T T | g 20

<C

~

L

- B == - IQMD, Hartnack et al. _|
O | < | Soft ® Datal ok
; 4 RS S
< \\‘-"‘-: .\" i 20 ! l | s
— B S~ ® o, - 1 1 ] !
et ~ @ 0 05 1 15 2 25 3
+ 2 L ' TR .
AV Hard p/Py
[ RQMD, Fuchs et al : : _ —
0 . | ! | Ratio of yields stable against variation of
1.0 1.5 K* production cross section
E (G V) Strong sensitivity to EOS due to multistep
beam € production (formation of nucleon resonances,
e.g. A)
-> soft EOS (K=200)
Isospin dependence of EOS [ N/Z(Au) =1.49]
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Probing the EOS of symmetric matter with flow

OFF plane emission

Y,

readion plne

hounce off
impoct poraneter b

bounce off
Au+Au 1.2A GeV 0.25<by<0.45 protons
OFF plone emission ' I ' I = I ' T E
0.08 - T P m
0.04 - -+ -
>

0.00 :

0 IQMD-HM / IQMD-HM \§\
- A1QMD-SM - IQMD-SM
J 0 FOPI
-0.04 . | . | | e | . | | -
-0.5 0.0 0.5 -0.5 0.0 0.5
Yo Yo

A. Le Fevre et al., NPA 945 (2016) 112—
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Ko =
380 MeV (‘stiff’)
200 MeV (‘soft’)

With momentum
dependent
interaction:
compulsory



Probing the EOS of symmetric matter with flow

OFF plane emission

3

Parametrization of shape:
ounce 0 0)y _ 0)2
gl Vo(Y?) = vpg + vy, - YO

impmlpnrmnslqll-
| Von = | Voo | +] Vs, |

readion plne

bounce off m
Au+Au 1.2A GeV 0.25<by<0.45 protons
OFF plone emission ' T ' T T T T I ' =
0.08 - - o —
0.04 - —+ —
> Ko =
- T 1 380 MeV ('stiff’)
_ 200 MeV (‘soft’)
0.00 /9 0 IQMD-HM ¥\ / IQMD-HM \g\ With momentum
/g AIQMD-SM // IQMD-SM N
) / 0 FOPI compulsory
-0.04 . | . | | o | . | . | .
-0.5 0.0 0.5 -0.5 0.0 0.5
Yo Yo

A. Le Fevre et al., NPA 945 (2016) 112—
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Parametrization of elliptic flow

0.25<b,<0.45; u,;>0.4
I T L L L

0.30 - —

- E ﬁ g -

= sensitive to EOS over 0.25 - = 8 -
a large energy range - O .

= V,,(Ebeam) varies by a 0.20 - .

factor =1.6, >>

C
measured uncertainty <" 0.15 ; I -
(=1.1) ! |
= relevant density range 0.10 -
p=(1-3)p : QHM
0.05F  AuU+Au ASM -

protons ® FOP| -
- I | o+ 1 5 1 | o,

04 06 08 1.0 12 14 16
beam energy

A. LeFevre et al, Nucl. Phys. A 876 (2012) 1
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Parametrization of elliptic flow

0.25<b,<0.45 u,;>0.4

rr 1 1T 17T " 1T "1 12k r—r 1T 1 1T " T ']
10F  © ; . i 7 |
_ ; % %' ] & ; ; % J%, _
0.8 -_ % I 08} -
" O N O SR L
= sensitive to EOS over 061 S T } ] 0.6 I -
a large energy range 041 ° - . et feessiommoned '
: i QHM 1 - Q HM

" Vy,(Ebeam) varies by a 02k Au+Au ASM A o2k Au+Au ASM -
factor =1.6, >> L tritons ® FOPI - - 3He ® FOPI -

o~ e 1y 1 I 9 1 v 1 4 '8 I o 1 o 1 o 1 4 1 5 [ 4
measured uncertainty = 04 06 08 1.0 12 14 16 04 06 08 10 12 14 16
(z1 1) >§ 0.30 F e r T r 1t 1Tt _l Tttt
= relevant densit | LI - 8 88 5

p=(1-3)pg ozol ; ] @

et T

015 3 I i N . S .

0.10 | = :

i QHM 0.2 QHM
0.05 - Au+Au ASM 4 i Au+Au A SM |

protons ® FOP| - deuterons ® FOPI
| | | | | | 1 | TSR NN S NN S NS | |

04 06 08 1.0 12 14 16 04 06 08 10 1.2 14 16
beam energy (A GeV)

A. LeFevre et al, Nucl. Phys. A 876 (2012) 1
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Some comparisons

= consistent to former
results P. Danielewicz
et al. Science 298,
15692 (2002)

= elliptic flow is less
sensitive to stiffness
of EOS at higher
energies

= a possible 1. order
phase transition
would lead to a
softening of the EOS
and vanishing
directed flow: STAR,
PRL 112, 162301
(2014), Y. Nara et al.,
PLB 769, 543 (2017)
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Constraints for K, from elliptic flow

Ko as from FOPI flow data HM/SM/FOPI
IQMD -> Ky = 190 £ 30 MeV LA B S e B e b

[A. Le Févre et al., NPA945(2016)112-133] 8 ! BC
UrQMD -> Ky = 220 + 40 MeV FOPI

-constraint
[Y. Wang et al., PLB-778(2018)207-212] :

E/A (MeV)

1 2
GMR p/ p, FOPI density

constraint range

A. LeFevre et al, Nucl. Phys. A 876 (2012) 1
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Symmetry energy at supra-normal densities

Differential elliptic flow v, of n/p
UrQMD* (Q. Li et al.) predicts

“hard” Egyp, protons unchanged
=—=> neutron and proton flow
“soft” E

sym inverted

Towards model invariance:
tested stability with different models:

>

YV V V V

soft vs. hard EOS 190<K<280 MeV
density dependence of oy gastic
asymmetry dependence of oy eastic
optical potential

momentum dependence of isovector
potential

M.D. Cozma et al., arXiv:1305.5417
P. Russotto et al., PLB 267 (2010)
Y. Wang et al.,PRC 89, 044603 (2014)
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Au+AI 1 A00A MeV

I |
0.05 -
> 0
[ 0.25 <b, < 0.4
-0.05 o FOPI protons
asy h
0.05 - ‘,.'iﬁ****ﬁ}\
a4 N
= 0 {+ n
I + ++ _______ 5 ++ |
0054 " n e
i e Z=1 asy-s®
| . 1 . |
-1 0 1
UrQMD*: Qingfeng Li
Data. W. Reisdorf et al. Yo



ASY — EOS Experiment

charged particles

impact parameter

) KRATTA
reaction plane ; reaction plane

background

-Ball ! CHIMERA:

ASY-EQS

» background measurements f<\‘ I
neutrons (shadow bars)

» 400A MeV Au+Au at GSI

u-Ball: B 352CsJ(TI), TOF-Wall:
7 50 Cs. & 16 sil 7 96 plastic
50 CsJ(TI) ¢ 16 silicon 1 barz
4 detectors M
T Bed particles
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Elliptic flow ratio of neutrons and charged particles

P. Russotto et al., PRC 94, 034608 (2016)

80 1.4

y=0.72+0.19
asy-hard
— 60 asy-hard 1.2 - v=1.5
>
< SR
3 40T asy-soft Ecu
0 K o 0.8 -
= v=0.5
Ly 20 + asy-soft
06 = v=0.5
37.7° <0, <56.5°
O ] L 0.4 1 | 1 | 1 | L

0 0.5 1 1.5 D 03 04 05 06 0.7
/Py p/A (Gevrc)
Parametrization for SE used in UrQMD* model:

Esym = EsympOt+ESymkin — 22Mev(p/po)Y+12MeV(p/po)2/3

Ambiguity in Eg . (po)
slope parameter: L = 72 + 13 MeV, E,(py) = 34 MeV
slope parameter: L = 63 + 11 MeV, E,(py) = 31 MeV
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ASY-EOS: constraints on symmetry energy

80 neutron star
X-ray observations
@ Brown n/ch flow Zhang & Li
compiled by ) m Zhang EPJA 55:39 (2019)
Horowitz et al., 60 - HIC Sn+Sn Eqym (2p0) =
JPhysG (2014) — 1 IAS SPIRIT 47 £ 10 MeV
o - I FOPI-LAND
= Bl ASY-EOS PRE
— 40 Bayesian analysis
c s GW170817 and
3 B radii of QLMXB
LLI e Xie & Li
arXiv:1907.10741
R=10.8-11.9 km

Esym (2p0) =
| | | | 39+12-8 MeV

P/Pg

P. Russotto et al., PRC 94, 034608 (2016)

Tam @ Le de am as e W.G. Lynch, M.B. Zhang, arXIv:2106.10119
PREX, PRL 126, 172502 (2021)

density probed by the elliptic flow ratio
in Au+Au at 400 MeV/nucleon
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Comparison to results from

neutron star merger event GW 170817

Gravitational Wave 170817

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

5 ALADIN+FOP| /

+ AsyEOS+FOPI

How can we combine FOPI,
AsyEOS and ALADIN results
to deduce the pressure in a
neutron star?

* Have (P]Lg;]’\;q(KO) + Pasy(LD5

0 = 0.9(5%protons + degenerate e™)
« L asfromAsyEQOS at 1-2po
+ Ko as from FOPI flow data

101 R T
plg/cm’]
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Comparison of HIC results to recent astrophysical findings

How can we combine FOPI,
AsyEOS results

to deduce the pressure in a
neutron star?

» Have (PYY(Ko) + Py (L))0

0 = 0.9(5%protons + degenerate e™)
L asfromAsyEOS at 1-2po
* Ko as from FOPI flow data

Yvonne Leifels - NUSYM2021

— (Sl
S )

—
o

Energy p. Neutron E/N [MeV]

o

1

Hebeler et al., ApJ (2013)
Tews et al., PRL (2013)
Lynn et al., PRL (2016)
Drischler et al., PRL (2019)
""" Drischler et al., GP-B (2020)
¢ Gezerlis, Carlson, PRC (2010)
Unitary gas (£ = 0.376)
= ASY-EOS + FOPI

0.05 0.1 0.15 2
Number density n [fm™?]

S. Huth, PTH. Pang et al., arXiv:2107.06229 (2021)[nucl-th]



Combining HIC and astrophysical results
in the same Bayesian analysis to constrain neutron matter EOS

Constraining Neutron-Star Matter with Microscopic and Macroscopic Collisions
Sabrina Huth, arXiv:2107.06229 (2021)[nucl-th]

« HIC » = FOPI+ASY-EOS+AGS - « Astro » = GW, NICER (pulsar X-ray hot spots)

(A) Chiral effective field theory: (B) Multi-messenger astrophysics:

1 [ r 1 r Tt rrr

—— Prior

T T

102 - Prior

102

=

- —— Astro

LI R R L]

—
(=]
—
L
w

UL

—_
o

il

o

AYISUDP AYICRAOI ]

Pressure P [Mev fm™)
Pressure P [Mev fm™|

109 =

1 1 1 I 1 1 1 1 1 1 l 1 1 1 1 1 1 ] 1 1 1 | 1 1 1 1 L 1 I 1 L 1
0.5 1.0 1.5 2.0 2.5 3.0 0.5 1.0 1.5 2.0
Number density n [ng] Number density o [ne 0
(C) HIC experiments: (D) HIC and Astro combined: ®)
! ! i l L ) ' & ) ! I b ! { T T T I T T T T T T I T T T T JA— 2 = -3
102 - Prior 102k - Pines -~ -Msat -
T p—— HIC T E—— Astro+l{IC &
= [ —— HIC Day. H [ 5 S
= ok _5_.: [ "\‘ 5’
=L 3 3 210 - \ =
s o Bl: [\
5 F T / s
£ 100 = E 100 = ,’l
A WIS I S YR S 11 PN ISP A PR 10 20 50 100 200"
< : e = : 0.5 1.0 1.5 2.0 2.5 3.0 = & g
Number density n [rg] Number density n [ne] Pressure P [MeV fim ™"
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Combining HIC and astrophysical results
in the same Bayesian analysis to constrain neutron matter EOS

Constraining Neutron-Star Matter with Microscopic and Macroscopic Collisions
Sabrina Huth, arXiv:2107.06229 (2021)[nucl-th]

« » = FOPI+ASY-EOS+AGS - « Astro » = GW, NICER (pulsar X-ray hot spots)

(A)

Combining information from HICs and E
astrophysical informations k

HIC data favors larger pressures at 1-1.5 p, _
, Where sensitivity is highest :

similar observations with NICER data

low densities, HICs have clear impact on
total posteriors

EOS at higher densities (>2p,) mostly |
determined by astrophysical observations

Conclusion

advancing HIC experiments to higher
densities

investigating transport models T I

)
Radius R [km]

01

M [M.]

.\Iil.\\

,\”\'TLI]I ,\][lil{l

M [M.]

AJIstuop Ajfjiqeqoa

.\[!|.\\
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Advancing to higher densities

Higher incident energies

Li, Bao-An, NPA 708, 365 (2002)

- 132G 4 1245 — 1000 MeV
—  b=11fm —— 400 MeV
8 — 200 MeV

Yvonne Leifels - NUSYM2021

Sensitivity

0.75

<
n

I
R
wn

Other observables

P Russotl‘o et al., PRC 94 034608 (201 6)

{density
{probed by the
1 elliptic flow
{ratio

dM . /dp

P/ po
C. Fuchs PR (2003)

Au+Au 1 GeV/u

O Ni+Ni
A C+C

B AutAu

| density probed by

kaon production

22



ASY-EOS Il

NEW ASY-EOS proposal:

Study of
Au+Au
250, 400, 600, 1000 MeV/u

measure neutron / proton / hydrogen
elliptic flow :
NeuLAND
charged particles:
Kratta, Califa
impact parameter vector:
CHIMERA, KRAB

Aim

Measure n, p, d, t flow with NeuLAND
to access not only slope of symmetry
enerqgy but also the curvature

Yvonne Leifels - NUSYM2021

e
o

ot b o
N W I

(v2n/v2p) gm-(v2n/v2p)son at mid-rapidity

o
o

(=]

P |97Au+197Au

- 1325n+|24sn

—— |DSSn+11zsn

n

Y

o

Q
i

Y o .
\'2",1’\'2 ( .s‘upcr-.\\‘mf)-\-'znf\-'2 (super-soft)

-y
o

. IQMD
Eb
- *“-; .
B “‘*““i\ + T :_:_*
o I \*, o
- ~J ,_‘___“‘ﬁ“wT "f“_‘__,.f-f-"'
: 1 l 1 1 1 I+ 1 1 1 I 1 1 1 TI 1 1 1 1 1 1 I 1 1 1 I
400 600 800 1000 1200 1400 1600
Epor (A.MeV)
— Y=p
-—— Y=H
E —
& __ ¢ T 3
8 T i QI’:;‘%
FOPI-LAND geometry
iRt | TuQMD
b<7.5 fm
0.2 04 0.6 0.8 1.0

T [GeV]



ASY-EOS |l in the R3B cave at GSI

TN

NEULAND

G T

KraB-Detector
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ASY-EOS Il next steps

part of an LOI of the R3B
collaboration to the G-PAC of
GSI

participate in the next call for
proposals in autumn 2022 for
beam times in 2023 and 2024
tests of the KRAB detector
preparation for beam time

working group on transport
models together with
HADES/CBM

Yvonne Leifels - NUSYM2021



Experiments

=
— -q‘ ‘ oo V2
e\ bve W

art GLap neutron window

St
Target ""“*wumch
‘L Ign""‘E'E'r/ neutron cone
R N L], H— H‘M{l
/ —

PSP

~.[ Tl

CALIFA
%{fum pJDe
" nof?‘u
-fo, Ml fy Fragment
2
Vertex Tracker % E'”fpa,;, /7 / ToF-Wall
+ Fiber
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Kaon production probe the symmetry energy

1.6

KYK*

1.2

AutAu, b <1 fm
. | . | .

NLpd
NLp
DDF
NL

v
A
|
stiff ®

soft

Ferini qt al., PRL 97, %02%)1 (2006)

1 15
E (AGeV)

Production threshold
in NN collision
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2

(KK, 1 (KT/K®),,

Ru+Ru, Zr+Zr, 1.5 GeV/u

b<5fm
2 X Lopez, PRC .
(2007) | static calc.
{ nucl. matter
?
HIC szenario
I % % | A
1+ i ! | |
: 30 75 100
: | EEsyr'n(pB=2-?Po) (MleV)
DATA THERM. NL NLp NLpd

HIC scenario:

- fast neutron emission (mean field)
- NN=>NA threshold effects

- nn=>pA- (no chemical equilibrium)
see, e.g., di Toro et al., J.Phys.G (2010)
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FAIR construction S|te in gJune
-First science experiments planned end 2025
Start of oper__atlon SIS1OO end of 2026
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Heavy ion collisions are a powerful tool to constrain the nuclear matter EOS
Studied a wide range of energies and systems at SIS18
Combination of FOPI and ASY-EOS results allows to predict a density dependence of

the pressure in a neutron star between 0.5 to 2 p,, with similar accuracy than
astrophysical data

To access higher densities a new experiment ASY-EQOS Il is planned at GSI
Beyond 3 to 4 p, new observables are needed to constraint NS EOS

Beam energy scan BES at RHIC and new experimental set-ups will be available at
Nuclotron at JINR and at FAIR

Benchmarking transport models for the energy regime between 1 — 5 GeV/u




