Equation-of-state constraints
from FOPI and ASY-EOS flow measurements
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Equation-of-state constraints (!
from FOPI and ASY-EOS flow measurements L

.
T

Bridging micro- & macroscopic collisions.

Elliptic flow as a powerful observable to constrain the EoS.

FOPI and ASY-EOS achievements in constraining the nuclear EoS.
Origin of the elliptic flow 1n intermediate energies.

Constraints on neutron star properties

Perspectives and challenges.
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Micro- & macroscoplc collisions ==
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Micro- & macroscopic collisions =
e &
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SCOICEES The Phases of QCD oloo
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Temperature and density created in the fireball in
HIC’s at intermediate energies
(E;,. ~ 0.1 —10AGeV)
mimic the density and temperature conditions
created in binary neutron star mergers
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M. Hanauske et al., 2017 J. Phys.: Conf. Ser. 878
012031
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OFF plane emission
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The nuclear EoS from experlments W
and astronomical observatlons‘t

presented by Betty Tsang for Tommy Tsang at NuSym23

figure from Tsang+, Nature Astronomy (2024)
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DLL: Danielewicz, Lacey, Lynch, Science - DFT: Density Functional Theory
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The equatlon of state of nuclear matterg

Fuchs and Wolter EPJA 30 (2006 )
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EOS in thermodynamics pressure P(p,T)

, dE/A
P=p
dp =const
Nuclear physics EOS
E
— = E/A
— = EIAQ)| _
Nuclear incompressibility K
, 0 E/A
K =9,
0%p
P=Py
pn - pp
Asymmetry parameter 6 =
Pnt Pp

Symmetry energy E,,

E(p. 8) = Egnp(p.6 =0) + 6°E,, (p) + O(5%)
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.t N a7 =
Pressure vs density for symmetric nuclear matter
K 4 .0 i T

Extended Data Fig. 5 Huth et aI.,A Nature 606
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» Measurements of FOPI

solenoid outer plastic wall

inner plastic wall

cDC
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Elliptic flow method:

FOPI and the incompressibility Ko

J o N
Ay

/

Before the collision after the collision

Spectators

Spectator

T — EE——
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Elliptic flow method:

FOPI and the incompressibility Ko

Flows at high density in heavy-ion collisions

_ il D 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 piane

®r = reaction plane azimuthal angle

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

2 2
p.—P
VZ(yapt)=< 2 y> X /
P,

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

L — ————————————
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YAY  FOPI: e 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 - - n
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?C\l
I Il -
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-0.04 .. | . | . | L | . | . | .
-0.5 0.0 0.5 -0.5 0.0 0.5
yo y0

E=I /gé FG\IR @ neimnorrs A. Le Fevre et al., NPA 945 (2016) 112—-133
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and the incompressibility Ko

‘ Complete shape of va(yo):

a hew observable:
Elliptic flow Ven = [vao| + |vaz],
from fit
v2(Yyo) = Va0 + Va2 . Y02
Au+Au 1.2A GeV 0.25<b;<0.45 protGHSII
~ T T | T | | . - T | T | T | L=
0.08 - T m
0.04 - -+ -
?C\I
I 1 -
0.00 A 380 MeV (‘stiff)
[ IQMD-HM IQMD-HM \‘I\ 200 MeV (‘soft)
- A 1QMD-SM - IQMD-SM
[ FOPI
-0.04 .. | . | . | v | . | . | .
-0.5 0.0 0.5 -0.5 0.0 0.5
yo y0

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

&
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A. Le Fevre et al., NPA 945 (2016) 112—-133
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Pl and the incompressibility Ko
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7Y "~ momentum dependent interaction

+ Directed flow (v,) in semi-central collisions:
A. Andronic et al. (FOPI Collaboration), PRC 67, 034907 (2003)

400A MeV seml central IQMD
U:I LB I LI I LI I T L I L :— 1 LI L LI | — HM
Vl 0.3 - Ni+Ni _._-.-—.—0——: i ---- H
[ 7=1 _._-.- I Z2=2 rNo® =z -+ SM
0.2 . _ il -- 8
. By _-'_'; n ]
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0 3 l 11 1 11 1 I 11 l 1 l 11 1 I: ’ L 1 al
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y(0) e
» Subthreshold kaon data (KaoS) clearly advocate a soft EoS :
« Hadronic Matter is Soft », Ch. Hartnack, H. Oeschler and J. Aichelin, PRL 96, 012302 (2006)
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- Tarasovicova et al., arXiv:2405.09889 (2024)

SMASH:

*  Soft momentum-dependent interaction (SP)
favoured.

« At the highest inc. energies, harder EoS required
« Weakness of this analysis : restricted to Z=1

o L A B S B B | T

T T
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—
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M.D. Cozma arXiv:2407.16411 (2024)

dcQMD:

A comprehensive data analysis

Optimisation on various parameters, assumptions, such as to narrow down constraints

0

. IQMD FOPI v, 68% CL
- == dcQMD FOPI 68% CL
§ s\ dcQMD FOPI 95% CL
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5 //
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0 15 f-=* CC N?LOsat “Ss==m
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An observable to quantify their respective
contribution to it: transverse momentum
modification induced projected on the
direction of the final momentum:

(APP(1)) = (APy(t) - 2Amaly

Ipfinal I

FAIR ﬁ HELMHOLTZ
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A. Le Fevre et al., PRC98 (2016) 034901
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An observable to quantify their respective
contribution to it: transverse momentum
modification induced projected on the
direction of the final momentum:

(APP(1)) = (APy(t) - 2Amaly

Ipfinal I

From collisions: about an order of magnitude
larger than from mean field, set fast in the

overlap zone = this zone of violent collisions
expands rapidly keeping its almond shape.

FAIR ﬁ HELMHOLTZ
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|

collisions versus mean field
IQMD, Au+Au, mid-central

collisions

0.6 A.GeV, mid-rapidity, u0x>0.4
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A. Le Fevre et al., PRC98 (2016) 034901
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Origin of elliptic flow:

collisions versus mean field

An observable to quantify their respective
contribution to it: transverse momentum

modification induced projected on the s
direction of the final momentum: =

0 P final
(AP(1)) = (AP(t) - L)
|pf'ina,l |

>10

From collisions: about an order of magnitude
larger than from mean field, set fast in the

overlap zone = this zone of violent collisions
expands rapidly keeping its almond shape.

—_~

From mean field: large out-of plane momentumg,

transfer at the tips of the almond shape >10
because here nucleons are between vacuum

and the central densest zone = highest

density gradient, largest force & move iny- |

direction out of the overlap zone.

SN FA'R ﬁHELMHOLTZ
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IQMD, Au+Au, mid-central
0.6 A.GeV, mid-rapidity, u>0.4
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pass/ 2 20 & [t
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0 o 0
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-10— 1
| B | | |
I I I
pass 1
0
1
]

A. Le Fevre et al., PRC98 (2016) 034901
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An observable to quantify their respective
contribution to it: transverse momentum
modification induced projected on the
direction of the final momentum:

0 P final
(AP(1)) = (AP(t) - L)
|pf'ina,l |

From collisions: about an order of magnitude
larger than from mean field, set fast in the

overlap zone = this zone of violent collisions
expands rapidly keeping its almond shape.

From mean field: large out-of plane momentu
transfer at the tips of the almond shape
because here nucleons are between vacuum

and the central densest zone = highest

density gradient, largest force = move in y-
direction out of the overlap zone.

Outer blue areas <= attractive potential of the # e, =

remnant, deceleration.

E

>10

_10_

—_~

mE

>10

collisions

Inner blue area: inner density decreases and ="

attraction by the moving spectators =
transverse velocity decreases

SN FA'R ﬁHELMHOLTZ
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Origin of elliptic flow:

collisions versus mean field
IQMD, Au+Au, mid-central
0.6 A.GeV, mid-rapidity, u>0.4

20 £
> 10

10

0 0

10

mean field

—_

o

Y

o

A. Le Fevre et al., PRC98 (2016) 034901
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collisions versus mean field

1.5 A.GeV, mid-rapidity, uw>0.4

Little difference between 0.6 AGeV collisions mean field

and at 1.5 AGeV.

fm)

—~
-
~

>10 20 >10

0 0 0
10 20 10
€ €
=10 20 g
0 0 0
10 10

A. Le Fevre et al., PRC98 (2016) 034901
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ror

< The elliptic flow observed in the reactions around Ekin = 1 AGeV for protons at mid-rapidity
(Jyo| < 0.2) has two origins:

® o A. Le Févre et al.i PRCO98 12016‘ 034901
Esllﬁ% F@IR ﬁHELMHOLTZ
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rom

< The elliptic flow observed in the reactions around Exin = 1 AGeV for protons at mid-rapidity
(Jyo| < 0.2) has two origins:
< the collisions of participant nucleons with the spectator matter

® o A. Le Févre et all.i PRCO98 :2016: 034901
GE]%% FGIR ﬁHELMHOLTZ
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< The elliptic flow observed in the reactions around Exin = 1 AGeV for protons at mid-rapidity
(Jyo| < 0.2) has two origins:

< the collisions of participant nucleons with the spectator matter

< the acceleration of participants in the mean field.

® oy A. Le Févre et al., PRC98 (2016) 034901
GE]% % F(\IR ﬁHELMHOLTz ( )
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isions versus mean fielc

< The elliptic flow observed in the reactions around Exin = 1 AGeV for protons at mid-rapidity
(Jyo| < 0.2) has two origins:

< the collisions of participant nucleons with the spectator matter

< the acceleration of participants in the mean field.
< The collisional component of v; is almost independent of the EoS (due to Pauli blocking),

A. Le Févre et al., PRC98 (2016) 034901
ss10 EAIR 2 vewonrs S
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A Origin of elliptic flow:
collisions versus mean field

< The elliptic flow observed in the reactions around Eixin = 1 AGeV for protons at mid-rapidity
(lyo| < 0.2) has two origins:

< the collisions of participant nucleons with the spectator matter

< the acceleration of participants in the mean field.
< The collisional component of v; is almost independent of the EoS (due to Pauli blocking),
< The mean field contribution is for a hard EoS (HM) roughly twice as large as that for a soft EoS
(SM).

HELMHOLTZ
| ASSOCIATION

A. Le Févre et al., PRC98 (2016) 034901
== FAR —

Arnaud Le Févre - NuSym2024 - Caen 1



ﬂ\ Origin of elliptic flow:
collisions versus mean field

< The elliptic flow observed in the reactions around Eixin = 1 AGeV for protons at mid-rapidity
(lyo| < 0.2) has two origins:

< the collisions of participant nucleons with the spectator matter

< the acceleration of participants in the mean field.
< The collisional component of v; is almost independent of the EoS (due to Pauli blocking),
< The mean field contribution is for a hard EoS (HM) roughly twice as large as that for a soft EoS
(SM).
< At largest out-of-plane emission (0.6 AGeV — max. stopping), for a soft EoS, collisional and
mean field contributions are about equal,

A. Le Feévre et al., PRC98 (2016) 034901

SN FAlR ﬁHELMHOLTZ
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4 Origin of elliptic flow:
collisions versus mean field

< The elliptic flow observed in the reactions around Eixin = 1 AGeV for protons at mid-rapidity
(lyo| < 0.2) has two origins:

< the collisions of participant nucleons with the spectator matter

< the acceleration of participants in the mean field.
< The collisional component of v; is almost independent of the EoS (due to Pauli blocking),
< The mean field contribution is for a hard EoS (HM) roughly twice as large as that for a soft EoS
(SM).
< At largest out-of-plane emission (0.6 AGeV — max. stopping), for a soft EoS, collisional and
mean field contributions are about equal,
< In all other cases the contribution of the mean field dominates.

A. Le Févre et al., PRC98 (2016) 034901
ss10 AR 2 veomours S
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4 Origin of elliptic flow:
collisions versus mean field

< The elliptic flow observed in the reactions around Eixin = 1 AGeV for protons at mid-rapidity
(lyo| < 0.2) has two origins:

< the collisions of participant nucleons with the spectator matter

< the acceleration of participants in the mean field.
< The collisional component of v; is almost independent of the EoS (due to Pauli blocking),
< The mean field contribution is for a hard EoS (HM) roughly twice as large as that for a soft EoS
(SM).
< At largest out-of-plane emission (0.6 AGeV — max. stopping), for a soft EoS, collisional and
mean field contributions are about equal,
< In all other cases the contribution of the mean field dominates.
< Mean field out-of-plane flow comes from nucleons close to the tips of fireball: strongest density
gradient in y-direction

A. Le Fevre et al., PRC98 (2016) 034901
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M Origin of elliptic flow:
collisions versus mean field

< The elliptic flow observed in the reactions around Eixin = 1 AGeV for protons at mid-rapidity
(lyo| < 0.2) has two origins:

< the collisions of participant nucleons with the spectator matter

< the acceleration of participants in the mean field.
< The collisional component of v; is almost independent of the EoS (due to Pauli blocking),
< The mean field contribution is for a hard EoS (HM) roughly twice as large as that for a soft EoS
(SM).
< At largest out-of-plane emission (0.6 AGeV — max. stopping), for a soft EoS, collisional and
mean field contributions are about equal,
< In all other cases the contribution of the mean field dominates.
< Mean field out-of-plane flow comes from nucleons close to the tips of fireball: strongest density
gradient in y-direction
< This effect is amplified if one selects particles with a high transverse velocity.

A. Le Fevre et al., PRC98 (2016) 034901
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flow: densities probed by FOP

Ay
9_ s » In the QMD model, the EOS
'O max <plp (1) must be correct over a broad
A id. atc.o.c £\oW range of densities in order to
2aleoc e A . ol
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.

'?

A. Le Fevre et al., NPA 945 (2016) 112-133

d
LI L B B L L B

l 1 1 1

1 1 l
500 1000 1500

oR

Ene. (A.MeV)
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4 Elliptic flow method:
FOPI EoS constraints

HM/SM/FOPI
* Ko as from FOPI flow data —

IOMD - > K, = 190 + 30 MeV /
0 8 "IN
[A. Le Fevre et al., NPA945(2016)112-133] - ‘
UrQMD — > K, =220 £ 40 MeV 4 — // P FOPI-IQMD
[Y. Wang et al., PLB-778(2018)207-212] ] constraint
dcQMD — > K, = 23010, MeV :
[M.D. Cozma, arXiv:2407.16411v2 - July 2024]

v

E/A (MeV)

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

constraint A. Le Févre et al., NPA 945 (2016) 112-133
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KRATTA

CHIMERA

p=Ball
5
Start
detector
target
ASY-EQOS

> 400A MeV Au+Au, 9%Zr+Zr, 9%Ru+Ru at GSI (2011)

LAND

fvonne Lelfs

\ ‘ F_\IR HELMHOLTZ

IATION

RuR3bach |f6

Arnaud Le Févre - NuSym2024 - Caen
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EII|pt|c flow and symmetry energy constralﬁt ‘Qa
with ASY-EOS () - -

OFF plane emission
\- | hounce off |
| inpact parameter b 1B
reacfion plane :
hounce off m

OFF plane emission

tested with existing FOPI-LAND data

197Au + 197Au @ 400 A MeV
Russotto+ PLB 697 (2011)

ASY-EOS experiment in 2011

197Au + 197Au @ 400 A MeV
Russotto+ PRC 94 (2016)

SN FA'R ﬁHELMHOLTZ
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L L &
Elllpt. c flow and symmetry energy cqn-sﬁralr}'t 414

= | -_9 1
2 with ASY-EOS (I) O
/- , . \{?‘ =S
Differential elliptic flow v, of n/p Au+A" Ann A I\/IeV
UrQMD* (Q. Li et al.) predicts: : e :
protons unchanged 0.05 F =

“hard” E,.(P)

o : neutron and proton flow inverted i i
soft Esym(p) 0
Towards model invariance: i i
tested stability with different models: 0.25<b,<0.4 o
asy -h

_V2

> soft vs. hard EoS: 190 < K, < 260 MeV -0.05 |- ® FOPI prot

> density dependance of oy isric 00 0 [ 1T 7T A= -
> asymmetry dependance of Gy ui4stic 0.05 |- ‘#*H*ﬁ‘ N
> optical potential - 4 $: -
> momentum dependence of isovector potential S #A ﬁ
M.D. Cozma et al.,PRC 88, 044912 (2013), i {,{/ B~
arXiv:2407.16411v2 (2024) : *,{,;x' = p *++ -
P. Russotto et al., PLB 267 (2010) o7 . N
Y. Wang et al.,PRC 89, 044603 (2014) -0.05 [ 2 — 7.4 = Sy_;:;;; n
C . | . L
-1 0 1
*UrQMD: Qingfeng Li et al.
Data. W. Reisdorf et al. Yo

SN FAIR ﬁHELMHOLTZ
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o) VA R LA
1Elliptic flow method: high dens t’nesm =
N ASY-EOS s}f" =AY

1.4 3

v=0.75+0.10 >

S

asy-hard 1.2 3

1=1.5 Q

5 o7

~ 1 o

Z o

asy-soft ';N =

1=0.5 0.8 154

8

0.6 2

3

O 1 1 1 1 0.4 1 | 1 | 1 | 1 z

o 05 1 1.5 2 03 04 05 06 07
/Py p/A (Gevlc)
parametrization for Easy used in the UrQMD model: A more recent analysis of M.D. Cozma

Esym = Esympot+ESymkin =22 MeV-(p/p,)'+12 MeV-(p/p, )23 with dcQMD has concluded
L =63%) MeV,E,, (p)) =35+1 MeV

systematic errors corrected: y = 0.72 £ 0.19 A

slope parameter: L = 72 + 13 MeV, E__ (p,) = 34 MeV M.D. Cozma, arXiv:2407.16411 (2024)
slope parameter: L =63 + 11 MeV, Esym(po) =31 MeV

SN FAIR ﬁHELMHOLTZ
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“L : el A

R ey .0 &mi--_‘"
sensitivity to density P. Russotto+ PRC 94 034608 (2016)
vL e 80
075 I_ n/ch n/p ] | @ Brown n/ch flow
% o P - B Zhang
k= 60 —LC—1 HIC Sn+Sn
& - 1 1AS
Z 2 - 00 FOPI-LAND
= Bl ASY-EOS
P AP M sl B — 40_
1.5 20 25 30
P/ po £ -
w’ o
density probed extends to 2.5 p, 20 = &
maximum near saturation density - UrQMD: L=72+13 MeV
O | | | | | | |
0 0.5 1 1.5 2
P/Pg

SN FAIR ﬁHELMHOLTZ
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------ var AV ;+3-BF

40 F—— nL3
S| e DD-TW
© —— ChPT
= 20— Skhard
- — Sk soft

<
o)
L

— DBHF (BonnA) '
S— BHF AV, ,+3-BF

p/Pg

=5 F_\IR # neLmnoLtz

| ASSOCIATION

ISKM* ] I T I 1 I 1

SkLya

DBHF
varAV,, + ov +
NL3
DD-TW
DD-pd
ChPT

P. Russotto et al.

S PLB 267 (2010)

I P. Russotto et al.,
| | PR(.‘1 94 (20|17)

data

05 1 15 2 25 3

p/Pg

Arnaud Le Févre - NuSym2024 - Caen

FOPI-LAND



/ .

,' A
- g

‘I,‘ ‘,

—

M.D. Cozma arXiv:2407.16411 §2024=

0 . . . 60

IQMD FOPI v,, 68% CL — BHF N®LOA/N2LOA
== dcQMD FOPI 68% CL [ --- SCGF N3LO
deQMD FOPI 95% CL

|
ot

= [S\]

o (e}

3
-
-
-
-
-
-
-
-
-
-
-
-
-

1
[y
(e

T
7’
7’
NN
N
i
(™)
(e
L)
\
\

\

\
\

[\~
o

~
~
———————

-+ OC N2LOsat SSsemmmm”
=== MBPT N3LO
-= SCGF N3LO

— BHF N3LOA/N?LOA,

0.0 0.08 0.16 0.24 0.32

o ASYEOS Vzn/VZCh

dcQMD FOPI-LAND+ASYEOS
== dcQMD FOPI 68% CL

decQMD FOPI 95% CL

1
p—
ot

Energy/Nucleon [MeV]
Energy/Nucleon [MeV]
=

1
Do
o

je)

0.08 0.16 0.24 0.32
Density [fm'3] Density [fm'3]

o
o

[ N
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| ASSOCIATION N
Arnaud Le Févre - NuSym2024 - Caen 26



: ‘FOPI - ASY-EOS EoS constralnts

. w5y and neutron stars

Reed Essick at NuSym22 in Catania

ASY-EOS:

Legred+, PRD 104,

neutron star pressure
for asymmetry d = 0.9
P(py) = 3.4 £ 0.6 MeV/fm3

= PSRs N\QWs + X-ray

1035, 1029 bar

P (dyn/em?)

063003 (2021)

.@M

— 50%/90% contours

DS Re | model-agnostic prior
/

o
p(g/cm’)

io™

R,, = 12.6 + 1.1 km (68%)

R, ;P 1/4=9.5 % 0.5

=> R;, =129+ 0.6 km £ 0.7 km (68%)
(stat.) (correl.)

for ASY-EOS: Russotto+, PRC 94, 034608 (2016)

for correlation: Lattimer, arXiv:2308.08001

Ef:g%F-\IR @ verporr
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— = L
Combining heavy-ion experiments, “4% . * ’7‘4
astrophysical observations, and nuclear theory _ q

Article Nature 606, 276 (2022)

Constraining neutron-star matter with
microscopic and macroscopic collisions

https://doi.org/10.1038/s41586-022-04750-w  Sabrina Huth"?"®*%=, Peter T. H. Pang®**=, Ingo Tews®, Tim Dietrich®’, Arnaud Le Févre?,

Achim Schwenk'*?, Wolfgang Trautmann?®, Kshitij Agarwal'®, Mattia Bulla",
Michael W. Coughlin' & Chris Van Den Broeck®*

Received: 13 July 2021

Accepted: 11 April 2022

Published online: 8 June 2022 . . . .
Interpreting high-energy, astrophysical phenomena, such as supernova explosions or

| Open access | neutron-star collisions, requires a robust understanding of matter atsupranuclear

11 authors from nuclear theory, heavy ion reactions, and astrophysics

Bayesian inference as in Dietrich+, Science 370, 1450 (2020)

SN FAlR ﬁHELMHOLTZ

| ASSOCIATION

28



2022 Huth+ Nature

Fig. 1
neutron star matter

contours at
68% and 95%
credibility

Number density n [ng.)

(A) Chiral effective field theory: (B) Multi-messenger astrophysics:
L\l I L) I L] L] L I L] L Ll I L) . L} I ] I ) l L] L] L] I L] L Ll I L) L L} I ' J-—"
102 —— Prior 102 === Prior
& é & é ——  Astro
= - £ C
g z
10 E 10 - E
LE : L F :
& C : & C :
< 10" = < 10" 3
. 1 1 1 l I 1 i1 1 1 l I l T — :> . 1 1 1 1 I l 1 1 1 l I l b — :
0.5 1.0 1.5 2.0 25 3.0 0.5 1.0 15 2.0 25 3.0
Number density n [ng) Number density n [ng)
(C) HIC experiments: (D) HIC and Astro combined:
L\l I I I L] L] L I L] L Ll I L) L L} I v
R L) I L} I L] L) L I L] L] I I Ll L L} I l J,—"
WP Prior 102} ====- Prior
!f:. - HIC 7 F —— Astro+HIC
< [ — HIC Data E L
10 3 =10k - _
o s E =~ F ;
E L : Q; . .
Pt 11 ¢ :
=0 _ =
& 10 E = 10V E
1 1 l L1 1 1 1 1 1 l 11 1 l T : E
05 10 15 20 25 30 e T - Y R TR 1

Number density n [ng)

prior:
XEFT up to 1.5 p,
Mmax 21'9 MSUI’I

astro:
GW170817
+kilonova
GW190425
NICER 2 stars
XMM-Newton
Mmax 32.17 Msun

HIC:
PNM: ASY-EOS
SNM: FOPI, AGS
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Huth, Pang et al., Nature 606 (2022)

(A) Chiral effective field theory: (B) Multi-messenger astrophysics:
T T T | T T T I T T T I T T T | T T T T I T T T I T T T I T T T I'-I—‘J_—P’
102 —— Prior 102 - Prior
T E T § — Astro
& - & -
g0 z 0 -
210! = = =10 Yy et =
& F 3 o F 3
< C ] g C ]
Zz L | z L ]
8 8
£ 100 = E £ 100 = E
1 1 L I 1 1 1 I L 1 1 I 1 1 1 I 1 1 1 : 1 L L I 1 L 1 I L L 1 I L 1 1 I 1 1 1 :
0.5 1.0 2.5 3. 0.5 1.0 1.5 2.0 2.5 3.0
Number density 7 [ngy] Number density n [ng]
(C) HIC experiments: (D) HIC and Astro combined:
L | 1T I 1T I 1T
) T T T I T I Ll I T I T I T I T I —I—‘J——F
10? = Prior 102 Prior -
T p—— HIC ; 5 F—— Astro+HIC
4: [ —— HIC Data -2 E -
) C = o -
.2_. 101 TS - § 101 N e ]
Q, E e 7 - A s E
- [ == . Y ]
E r b I C ]
7 L 4 ]
8 2 N T
- 0 —] o
! I ! ! ! I ! ! ! I ! ! ! I ! ! ! : f 1 1 L I 1 1 1 I L 1 1 I L L 1 I 1 1 1 E
0.5 N 3.0 05 L0 15 20 25 30
umber density n [nsu] Number density n [ng]

== FAIR 4
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(A) Chiral effective field theory:

T | LI . L ] L

102 —— Prior

—
o
—

/

Pressure P [Mev fi™]

—
(e}
=)

TR B S

Number density 7 [ngy]

Lliinn

0.5 1.0 1.5 2.0 2.5

(B) Multi-messenger astrophysics:

T T T I T T T T T T I T T T
102 Prior
7 F—— Astro
E C
§ L
210
a8 F
o C
= C
9} -
Z
—
& 100
1 L L I 1 L 1 L L 1 I L L 1

0.5 1.0 1.5 2.0
Number density n [ng)

w

v

L

(C) HIC experiments:

L | 1T

102 - Prior
T g — HIC
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(D) HIC and Astro combined:
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Influence of the choice of the prior--

nature astronomy

Article https://doi.org/10.1038/s41550-023-02161-z

Determination of the equation of state
from nuclear experiments and neutron star
observations

Received: 22 February 2023 Chun Yuen Tsang'?, ManYee Betty Tsang ® "2/, William G. Lynch'? Rohit Kumar'
& Charles J. Horowitz®'?

Accepted: 6 November 2023

Published online: 05 January 2024
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;‘ §5 of the prior -
X o 1 7 &

From Betty Tsang at NuSym23

Legred et al., Phys. Rev. D 104, 063003

102 ! (2021)
[ * Non-parametric equation of states as
- priors.
=" * Astrophysical observations are used as

constraints

s
-
-

Huth, Pang et al., Nature 606, 279 (2022)
*  Prior distribution from the Chiral
Effective Field theory (up to 1.5n0);

Pysm (MeV/fm?)
=

constant speed of sound model
3 Huth et al. (2022) >1.5n,.

W PSR + GW + J0030 +J0740 | , |hclude HIC(FOURPI) & astrophysical

0, 1.0 15 20 25 30 oObservationsas constraints
P/Po

vEFT seems to generate a bias as a prior,
forcing artificially the posterior EoS to be too soft in the 0.5 — 1.5p, density range

=5 F_\IR # neLmnoLtz
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Sensitivity
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Perspectives: ASY-EOS Il
2025: ASY-EOS II at R3B/FAIR (proposal: arXiv:2105.09

TUQMD: density probed at 400 AMeV

—np

0.75 | e wH

—
N
T
Y
’

/, ’ N 1) \'Il
A e Ra N\

e ~ .

r ~

| ASSOCIATION

0.0 B s ey
T00 05 10 1.5 20 25 30
2 o
UrQMD: sensitivity to EoS stiffness
B -@- Au+Au
— -4 '2%8n41%gn
e 132Sn+124sn
I 1 - Pb+Pb
i d
] '
N P PR B B B PR B S
200 400 600 800 1000 1200 1400 1600
Es.., (AMeV)
FAIR ﬁHELMHOLTZ

sensitivity to higher

n/p flow at higher incident energy

and new instrumentation

NeuLAND

2.5x2.5x1.2 m3
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Perspectives: ASY-EOS II “'4 2

2025: ASY-EOS II at R3B/FAIR (proposal: arXiv:2105.0

Scheduled in March 2025 at SIS18 (GSI)

studied reactions
197Au + 197Au @ 250, 400, 800 A MeV

e ‘ o N I =1,

J ' KraTTA

‘ ~“H e

spokes persons
P. Russotto, J. Lukasik, A. Le Fevre

SN FAIR ﬁHELMHOLTZ
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Perpectives: ASY-EOS I ’ 2

ls
Jerzy tukasik at NuSym23
KR A Main characteristics: 736 scintillation fibers 4x4 mm?

arranged in 5 rings

Krakow Barrel

43 cm : -u‘%_

oy N -~y . Lo,
) S Tk, - . &
3 - b . -+ . :,_ A
[} 1 . ‘I -
Ot e
2

AN

~

target

successfully tested with gold beam
in March 2024 . NKRA

mﬂ!! Ct\’ﬂl‘l POLANRD
Wioh Ne T WM‘M\M

SN FAIR ﬁHELMHOLTZ
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A S

Symmetric nuclear matter EoS

P

Constrained so far up to about 3po at GSI

Above 3po, AGS data have presumably constrained it up to around 3-7po

... using the proton directed flow (F or vi). But inconsistencies with experimental proton elliptic flow data
comparing with FOPI data (up to 1.5A GeV) => should be remeasured at FAIR (with heavy systems to

reach higher densities).

Above 1A GeV, elliptic flow still sensitive on Ko, up to around 3A GeV. Directed flow is more
constraining at higher incident energies.

Pmax/PO- ~2 ~3 ~5 ~7
I —r—T T —— T
0.06 = less pressure
- cascade .~
0.00
A -
~ - DATA
§ -0.05 ¢ Plastic Ball
v A
o
210 EOS
® E895
010 300 N\~ ¢ E8T7
K=380 MeV  more pressure
llll L 1 |llll|l 1 1 lllllll
0.1 05 1.0 5.0 10.0
Epean/A (GeV)

pmax/po: ~2 ~3 ~5 ~7

._I TT I T I LI I T T I LI II T T ]

0.4 DATA more pressure
[ o Plastic Ball i
o EOS 7S K=380MeV ]
0.3 ® E£895 i L ]
0.2 o ]
210
01 | 7 e 3
""" 167 ]
o ]

€SS pressure

0.1

05 1.0

50 10.0
A (GeV)

beam

Pawel Danielewicz. et al. Science 298. 1592 (2002); DOI: 10.1126/

HELMHOLTZ
| ASSOCIATION

FAIR #

0.1

0.05

- v
- . ¢ =
B "l

. -

A in-plane
._4—> .........................................
out-of- * v FOPI

® EOS
- plane A E895
J B E877
- A ® CERES
v J ® NA49
* STAR
L . B Phenix
v ® Phobos
.LuJ]_LLuml_l_Lqul_L_LunuLu_uuul_Luuml_l_x_L
-1 2 3 4
10 1 i0 10 10 10

beam energy (GeV/nucleon)

A. Le Fevre et al., Phys. Rev. C 98, 034901 (2018)
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Perspectlves @FAIR (CBM, HADES, R3|3)~ 3
(TAE &7 FRES

Present situation: Above = 2p, , the posterior distribution of the pressure in a
neutron star is primarily driven by astronomical observations.

Reason: reliable HIC data (symmetry energy) isn’t available at higher densities.

—— Astro
------ Prior
—— HIC —3
2.9n
. sat —— Astro+HIC
)
=
>
5_.
12 =
\
R\ o,
\\ g
F 3 X,
! —
J \ 112
N\
/
[}
)
/
/
/,
/
y/

10 20 50 100 200 " Challenge: which HIC observables will be able to
Pressure P [MeV fm ™ constrain the symmetry energy at higher densities?
Cf. Dan Cozma’s talk.
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Perspectives @FAIR (CBM, HADES, R3B)s -
' i 7
Present situation: Above = 2p, , the posterior distribution of the pressure in a
neutron star is primarily driven by astronomical observations.

Reason: reliable HIC data (symmetry energy) isn’t available at higher densities.

—— Astro
------ Prior 5 A GeV Au + Au (b=0): p(0,0,0,}) TS
205
2 HIC a 3 20- T T T T T T T T T T T T T g 5 g
-5nsat —— Astro+HIC - 3-fluid @3 <
i i —t —— PHSD ] © 2%
S UrQMD _ d40 -
o >0
g )
o © X3
D_‘ § N L
- 2 —_ o U3
— S
\\ Rpn E o g
\ < 2 g 2
B\ o. §g=
\ @) SEN
/ N Z 88
N S N3
) \ L. T N2
1 =+ > Q
II N 7 1 < ® >
F 3 pag =)
N -

/ o
II 8
¥/ Elapsed time t (fm/c)
/
y/

10 20 50 100 200 " Challenge: which HIC observables will be able to
Pressure P [MeV fm ™ constrain the symmetry energy at higher densities?
Cf. Dan Cozma’s talk.

SN FA'R ﬁHELMHOLTZ

| ASSOCIATION R
Arnaud Le Févre - NuSym2024 - Caen 37



Perspectives: transport modelling improvements: -
R TR

o 2

W 1.1‘1_}.-

Wishful thinking towards THE money plot (needed by external communities and scholar textbook)

A common HIC EoS with well-defined errors consistent with all transport (and hydro) codes
UrGiQMBVU3FD...

ELSEVIER

Review

Progress in Particle and Nuclear Physics

Volume 134, January 2024, 104080

Dense nuclear matter equation of state from
heavy-ion collisions

FAIR

ﬁ HELMHOLTZ

| ASSOCIATION
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Perspectives: transport {

modelling improvements 1§

-

Wishful thinking towards THE money plot (needed by

external communities and scholar textbook)

A common HIC EoS with well-defined errors consistent
with all transport (and hydro) codes UrGiQMBVU3FD...

In line with the
International
Transport
Model
Evaluation
Project (TMEP)
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A growing multi-messenger era for the next 15+ years...

K. Agarwal
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* Flow is a powerful observable to determine the nuclear EoS, including the asymmetry energy.
SIS18 energies allow to probe a broad range of densities.
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* In the past decade:

* Flow is a powerful observable to determine the nuclear EoS, including the asymmetry energy.
SIS18 energies allow to probe a broad range of densities.

* Combining FOPI & ASY-EOS (I) constraints allowed to predict a density dependance of the
pressure in a neutron star, up to =~ 1.5p,, with a challenging accuracy, compatible with
recent astrophysical measurements deduced from gravitational waves and pulsar observations.
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* In the past decade:

* Flow is a powerful observable to determine the nuclear EoS, including the asymmetry energy.
SIS18 energies allow to probe a broad range of densities.

* Combining FOPI & ASY-EOS (I) constraints allowed to predict a density dependance of the
pressure in a neutron star, up to =~ 1.5p,, with a challenging accuracy, compatible with
recent astrophysical measurements deduced from gravitational waves and pulsar observations.

* Fundamental: determine the profile of densities that are probed by our observables.
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* In the past decade:

* Flow is a powerful observable to determine the nuclear EoS, including the asymmetry energy.
SIS18 energies allow to probe a broad range of densities.

* Combining FOPI & ASY-EOS (I) constraints allowed to predict a density dependance of the
pressure in a neutron star, up to =~ 1.5p,, with a challenging accuracy, compatible with
recent astrophysical measurements deduced from gravitational waves and pulsar observations.

* Fundamental: determine the profile of densities that are probed by our observables.

e In the near future:
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* In the past decade:

* Flow is a powerful observable to determine the nuclear EoS, including the asymmetry energy.
SIS18 energies allow to probe a broad range of densities.

* Combining FOPI & ASY-EOS (I) constraints allowed to predict a density dependance of the
pressure in a neutron star, up to =~ 1.5p,, with a challenging accuracy, compatible with
recent astrophysical measurements deduced from gravitational waves and pulsar observations.

* Fundamental: determine the profile of densities that are probed by our observables.
e In the near future:

* The second ASY-EOS (II) experiment is planned at GSI in March 2025 at higher incident
energy and with better accuracy to further constrain the symmetry energy up to = 2.5p,
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* In the past decade:

* Flow is a powerful observable to determine the nuclear EoS, including the asymmetry energy.
SIS18 energies allow to probe a broad range of densities.

* Combining FOPI & ASY-EOS (I) constraints allowed to predict a density dependance of the
pressure in a neutron star, up to =~ 1.5p,, with a challenging accuracy, compatible with
recent astrophysical measurements deduced from gravitational waves and pulsar observations.

* Fundamental: determine the profile of densities that are probed by our observables.

e In the near future:

* The second ASY-EOS (II) experiment is planned at GSI in March 2025 at higher incident
energy and with better accuracy to further constrain the symmetry energy up to = 2.5p,

* Question our error bars: reliable model dependencies and corrections due to determinations of
K, and L.
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* In the past decade:

* Flow is a powerful observable to determine the nuclear EoS, including the asymmetry energy.
SIS18 energies allow to probe a broad range of densities.

 Combining FOPI & ASY-EOS (I) constraints allowed to predict a density dependance of the
pressure in a neutron star, up to =~ 1.5p,, with a challenging accuracy, compatible with
recent astrophysical measurements deduced from gravitational waves and pulsar observations.

* Fundamental: determine the profile of densities that are probed by our observables.
e In the near future:

* The second ASY-EOS (II) experiment is planned at GSI in March 2025 at higher incident
energy and with better accuracy to further constrain the symmetry energy up to = 2.5p,

* Question our error bars: reliable model dependencies and corrections due to determinations of
K, and L.

« Improvements and breakthroughs in transport model simulations and nuclear theory.
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* In the past decade:

* Flow is a powerful observable to determine the nuclear EoS, including the asymmetry energy.
SIS18 energies allow to probe a broad range of densities.

 Combining FOPI & ASY-EOS (I) constraints allowed to predict a density dependance of the
pressure in a neutron star, up to =~ 1.5p,, with a challenging accuracy, compatible with
recent astrophysical measurements deduced from gravitational waves and pulsar observations.

* Fundamental: determine the profile of densities that are probed by our observables.
e In the near future:

* The second ASY-EOS (II) experiment is planned at GSI in March 2025 at higher incident
energy and with better accuracy to further constrain the symmetry energy up to = 2.5p,

* Question our error bars: reliable model dependencies and corrections due to determinations of
K, and L.

« Improvements and breakthroughs in transport model simulations and nuclear theory.

« New neutron star measurements (O4, O3, ...) & update of symmetric matter constraints from
CBM, HADES, BES, NICA...
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* In the past decade:

* Flow is a powerful observable to determine the nuclear EoS, including the asymmetry energy.
SIS18 energies allow to probe a broad range of densities.

 Combining FOPI & ASY-EOS (I) constraints allowed to predict a density dependance of the
pressure in a neutron star, up to =~ 1.5p,, with a challenging accuracy, compatible with
recent astrophysical measurements deduced from gravitational waves and pulsar observations.

* Fundamental: determine the profile of densities that are probed by our observables.
e In the near future:

* The second ASY-EOS (II) experiment is planned at GSI in March 2025 at higher incident
energy and with better accuracy to further constrain the symmetry energy up to = 2.5p,

* Question our error bars: reliable model dependencies and corrections due to determinations of
K, and L.

« Improvements and breakthroughs in transport model simulations and nuclear theory.

« New neutron star measurements (O4, O3, ...) & update of symmetric matter constraints from
CBM, HADES, BES, NICA...

« Improvement of symmetry energy constraints around 1.5 — 3p,
from ASY-EOS@SIS, CBM/HADES/R3B@FAIR, FRIB, FRIB400, RIKEN,...
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* In the past decade:

Flow is a powerful observable to determine the nuclear EoS, including the asymmetry energy.
SIS18 energies allow to probe a broad range of densities.

Combining FOPI & ASY-EOS (I) constraints allowed to predict a density dependance of the
pressure in a neutron star, up to =~ 1.5p,, with a challenging accuracy, compatible with
recent astrophysical measurements deduced from gravitational waves and pulsar observations.

Fundamental: determine the profile of densities that are probed by our observables.

e In the near future:

FAlR ﬁ HELMHOLTZ

The second ASY-EOS (IT) experiment is planned at GSI in March 2025 at higher incident
energy and with better accuracy to further constrain the symmetry energy up to = 2.5p,

Question our error bars: reliable model dependencies and corrections due to determinations of
K, and L.

Improvements and breakthroughs in transport model simulations and nuclear theory.

New neutron star measurements (04, OS5, ...) & update of symmetric matter constraints from
CBM, HADES, BES, NICA...

Improvement of symmetry energy constraints around 1.5 — 3p,
from ASY-EOS@SIS, CBM/HADES/R3B@FAIR, FRIB, FRIB400, RIKEN,...

NEW facilities (FRIB400?, FAIR), NEW experiments and NEW theories to explore the golden
era of neutron star physics with HIC’s.
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