Equation-of-state constraints
fr FPI and ASY-OS fow easrements

o X

ﬁ HELMHOLTZ

‘ ASSOCIATION




Equation-of-state constraints
y from FOPI and ASY-EOS flow measurements
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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 in intermediate energies.

Constraints on neutron star properties

Perspectives and challenges.
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Micro- & macroscopic collisions

Sl ied The Phases of QCD
LHC Experiments

‘ RHIC Experiments

Temperature

Quark-Gluon Plasma

Future FAIR/NICA
Experiments
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Superconductor

[STAR], Studying the Phase Diagram of QCD Matter

at RHIC, STAR Note 598 (2014)
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Micro- & macroscopic collisions
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Temperature and density created in the fireball
in HIC’s at intermediate energies

(E;,.~ 0.1 —10AGeV) O i et
mimic the density and temperature conditions wiE H"f‘nauSke etal, 2017 ],
created in binary neutron star mergers Phys,; Cont, Ser, 878 012031
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ASY-EO
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The nuclear EoS from experiments 3
and astronomical observations S

Tsang+, Nature Astronomy (2024)
HIC(FOPI),HIC(DLL)
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DLL: Danielewicz, Lacey, Lynch, Science - DFT: Density Functional Theory
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The equation-of-state of nuclear matter

Fuchs and Wolter EPJA 30 (2006 )

100 T

DBH (BonnA)
BHF AV, ;+3-BF
o S var AV18+3-BF
NL3

FAIR #
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ASY-EOS

EOS in thermodynamics pressure P(p,T)

, 0E/A
P = p~° 3
p T=const
Nuclear physics EOS
E
— = E/A
— = EIAQ)| _
Nuclear incompressibility K
0’ E/A
K =9 p? >
P
P=Py
pn - pp
Asymmetry parameter 6 =
Pnt Pp

Symmetry energy E

sym

E(p. 8) = Egyp(p.6 =0) + 6°E,, (p) + O(5%)
mit
L - Ks m - i
Es)-‘m = Esym’() +—= A + . b o + ...
3 Po 18 Po
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Slope L = 3p0 sym




Pressure vs density 9
for symmetric nuclear matter S
Extended Data Fig. 5 Huth et al., Nature 606 (2022)
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Measurements of FOPI

solenoid outer plastic wall inner plastic wall
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Elliptic flow method: N
FOPI and the incompressibility Ko ASYEO:

Before the collision after the collision

Spectators

Spectator
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Elliptic flow method: N
FOPI and the incompressibility Ko ASYEO:

Flows at high density in heavy-ion collisions

_ il D ol
d((b - ¢R) (y,pt) . 21t (1 N 2; % Cosn(q) q)R)j Squeeze-out VZ
Y = rapidity

p; = transverse momentum

&r = reaction plane azimuthal angle

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

2 2
P.—Pp
V2(y9pt)=< 5 y>

t

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

T ——
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Elliptic flow
0.08
0.04
?N
0.00
-0.04

Elliptic flow method:
FOPI and the incompressibility Ko

Au+Au 1.2A GeV 0.25<b,<0.45 protons
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- A IQMD-SM - IQMD-SM
0 FOPI
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A. Le Fevre et al., NPA 945 (2016) 112—-133

ASY-EO
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380 MeV (‘stiff)
200 MeV (‘soft))
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Elliptic flow
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Elliptic flow method:
FOPI and the incompressibility Ko

ASY-EO

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

Van = |vaol| + |vazl,
from fit

v2(Yo) = V20 + V22 . Yo?

T

Au+Au 1.2A GeV 0.25<b,<0.45 protons

Ko =

380 MeV (‘stiff)

[ IQMD-HM IQMD-HM \‘I‘& 200 MeV (‘soft)
I A IQMD-SM I IQMD-SM
[ FOPI
| | | | 7 1 | | | | =
0.5 0.0 0.5 0.5 0.0 0.5
yo y0

A. Le Fevre et al., NPA 945 (2016) 112—-133
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Elliptic flow method:

FOPI and the incompressibility Ko

&
>
0.30
=> V2n(Ebeam) varies by a factor 0.25
%1.6, >> measured uncertainty
(»1.1)
=» clearly favors a 'soft' EOS. 0.20
0.15
0.10
0.05

=% FAR ¢

HELMHOLTZ
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Elliptic flow method: N
FOPI and the incompressibility Ko ASYEO:

0.25<b0<0.45 u,>0.4
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Historical evidences of the need for
momentum dependent interaction

ASY-EO

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

400A MeV semi-central IQMD
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Subthreshold kaon data (KaoS) clearly advocate a soft EoS
« Hadronic Matter is Soft », Ch. Hartnack, H. Oeschler and J. Aichelin, PRL 96, 012302 (2006)

I e TS
= 3=;ia:“::?’d%:%7 1 4. | only if m.d.i. is included
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SMASH:

©  Soft momentum-dependent interaction (SP)

favoured.

~ At the highest inc. energies, harder EoS required

©  Weakness of this analysis : restricted to Z=1
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FAIR #

+FOPIZ-
L

Tarasovicova et al., Eur. Phys. J. A 60, 232 (2024)

Recent FOPI flow data analysis

L L L L L
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Recent FOPI flow data analysis

ASY-EO
M.D. Cozma, Phys. Rev. C 110 (2024) 0649111

© A comprehensive data analysis
Optimisation on various parameters, assumptions, such as to narrow down constraints

0 0.6
. IQMD FOPI v,, 68% CL
> dcQMD FOPI 68% CL 04 |
§ 5 dcQMD FOPI 95% CL :
o >
8 02
o -10 1
:3 4 ’
= A
= e o B 0.0
80 15 |- CC N2LOgat “Ss=moo oo -7
o -=~ MBPT N°LO -
= =~ SCGF N°LO 04 p —— Z=2
o0 L BHF N3LOA/N2LOA . -
- =4
0.0 0.08 0.16 0.24 0.32 09 |
: -3 :
Density [fm ]
NiNi 400 XeCsI 400 AuAu 400
— — +9 0.0 : : : : : : : : :
dcQMD — > Ky = 2307}, MeV 00 025 05 075 00 025 05 075 00 025 05 075 10

y/yp y/yp y/yp

Cf. M.D. Cozma’s talk on Thursday

ESN FAlR ﬁHELMHOLTZ

| ASSOCIATION

14



Origin of elliptic flow: & _.
collisions versus mean field Sy
IQMD, Au+Au, mid-central
An observable to quantify their respective 0.6 A.GeV, mid-rapidity, ui>0.4
contribution to it: transverse momentum collisions mean field
modification induced projected on the e LT T T M, EF O, '
direction of the final momentum: S | tase/2 = thass/2
>10— > 10— 1
10

(AP (1)) = (AP,(t) - Linaly

| P f«maz| 0 0
-10 -10
E E
=10 =10
0 0
-10 -10

HELMHOLTZ
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A. Le Févre et al., PRC98 (2016) 034901
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Origin of elliptic flow:

collisions versus mean field o
IQMD, Au+Au, mid-central
An observable to quantify their respective 0.6 A.GeV, mid-rapidity, uw>0.4
contribution to it: transverse momentum collisions mean field
modification induced projected on the e LT T T M, EF O, '
direction of the final momentum: £ | bass/2 = | fase/2
>10— > 10— 1
10

15) P mnal
(AP?(t)) = (AP,(t) - L7l
|pfina,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.

-10

fm)

>10

-10

A. Le Fevre et al.,, PRC98 (2016) 034901
G100 FAIR £ vevour (2010
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Origin of elliptic flow: &
collisions versus mean field ASVED
IQMD, Au+Au, mid-central
An observable to quantify their respective 0.6 A.GeV, mid-rapidity, ui>0.4
contribution to it: transverse momentum collisions mean field
modification induced projected on the ek LT 7T M, E OF O ' '
direction of the final momentum: E | lass/2 S | has2
P final >10— 0 >10— 1
o] ma
(APP(1) = (AP (t) - ) - -
|pf'ina,l|
(0] o 0 (0] o 0
From collisions: about an order of magnitude i I
larger than from mean field, set fast in the -10
overlap zone = this zone of violent collisions —10—
expands rapidly keeping its almond shape. S
From mean field: large out-of plane momentumg, [ toass
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.

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

Origin of elliptic flow:
collisions versus mean field

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

ASY-EO

20 £ Tt
>10—
- /’;‘5 -

~
~

Z 3 A s

Y\ &

10

=)
o
|

J

—_

o

Inner blue area: inner density decreases and ="

attraction by the moving spectators =
transverse velocity decreases
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Origin of elliptic flow: 3
collisions versus mean field N

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

Little difference between 0.6 AGeV collisions mean field
and at 1.5 AGeV. e r

>10

E Tt s
20 =10

N

0 0
-10 —20
E
i 10 20
0 0
-10

A. Le Fevre et al., PRC98 (2016) 034901
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Origin of elliptic flow: 3
collisions versus mean field N

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

A. Le Fevre et al., PRC98 (2016) 034901
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Origin of elliptic flow: 3
collisions versus mean field N

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

< the collisions of participant nucleons with the spectator matter

A. Le Fevre et al., PRC98 (2016) 034901
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Origin of elliptic flow: 3
collisions versus mean field N

< The elliptic flow observed in the reactions around Exin = 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.

A. Le Fevre et al., PRC98 (2016) 034901
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Origin of elliptic flow: 3
collisions versus mean field N

< The elliptic flow observed in the reactions around Exin = 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> i1s almost independent of the EoS (due to Pauli

blocking),

A. Le Fevre et al.,, PRC98 (2016) 034901
G100 FAIR £ vevour (2010
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Origin of elliptic flow: 3
collisions versus mean field N

< The elliptic flow observed in the reactions around Exin = 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> i1s 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).

A. Le Fevre et al.,, PRC98 (2016) 034901
G100 FAIR £ vevour ; (2010
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Origin of elliptic flow: 3
collisions versus mean field N

< The elliptic flow observed in the reactions around Exin = 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> i1s 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
=10 CAR e .
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Origin of elliptic flow: 3
collisions versus mean field N

< The elliptic flow observed in the reactions around Exin = 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> i1s 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 Feévre et al., PRC98 (2016) 034901
=10 CAR e .
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Origin of elliptic flow: 3
collisions versus mean field N

< The elliptic flow observed in the reactions around Exin = 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> i1s 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 Feévre et al., PRC98 (2016) 034901
=10 CAR e .
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Origin of elliptic flow: 3
collisions versus mean field N

< The elliptic flow observed in the reactions around Exin = 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> i1s 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 Feévre et al., PRC98 (2016) 034901
=10 CAR e .
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ASY-EOS

o 1 s » In the QMD model, the EOS must be
9’ qH PP rcs correct over a broad range of densities
i 2 f;ax.t<p/po>(t) Ao in order to predict the observed elliptic
Id., at c.0.C. o flow.
. o XNe A
3.'_ sinies xi93” A 4 » The density range, relevant to the
! wigh 8¢ A EOS evidenced by the FOPI
- - Collaboration, spans in the range
i o o =(1-3) po.

LD

A
L L] L L] I L L L L

0 1 1 1 1 | 1 1 1 1 | 1 1 1 1 |
0 500 1000 1500
A. Le Févre et al., NPA 945 (2016) 112-133 E... (A.MeV)
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Elliptic flow method: N
FOPI EoS constraints S 4

+ Ko as from FOPI flow data - I._”V:/SI.WI.:O.PI.

IOMD — > K, = 190 + 30 MeV ,
0 8 —In
[A. Le Fevre et al., NPA945(2016)112-133] ! 3 .

UrQMD — > K, =220 £ 40 MeV 4+
[Y. Wang et al., PLB-778(2018)207-212] !

dcQMD — > K, = 2301, MeV
[M.D. Cozma, PRC 110 (2024) 0649111]

/| FOPI-IQMD
| - constraint

v

E/A (MeV)

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

constraint
A. Le Fevre et al., NPA 945 (2016) 112—-133
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Elliptic flow and symmetry energy constraint
with ASY-EOS |

ASY-EOS

KRATTA

p=Ball CHIMERA
S @y AToF
/
l %
Y % B > »0 .
Start Ny | Beam axis
detector | ..
target
ASY-EOS

LAND

> 400A MeV Au+Au, %Zr+Zr, 9Ru+Ru at GSI (2011)
SN FAlR /HELMHOLTZ
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Elliptic flow and symmetry energy constraint & _.
with ASY-EOS | S ¢

OFF plane emission CHIMERA

Al

bounce off

impoct parameter b '

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)

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

“hard” Esym(p) protons unchanged

)

. . neutron and proton flow inverted
SOft" Egym(P)

Towards model invariance:
tested stability with different models:
> soft vs. hard EoS: 190 < K, < 260 MeV

density dependance of oy .4s1ic

optical potential

momentum dependence of isovector potential

M.D. Cozma et al.,PRC 88 (2013) 044912,
PRC 110 (2024) 0649111

P. Russotto et al., PLB 267 (2010)

Y. Wang et al.,PRC 89, 044603 (2014)

e
> asymmetry dependance of oy .i4sric
>
>

FAlR ﬁ HELMHOLTZ
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Elliptic flow and symmetry energy constraint
with ASY-EOS |

Au+Au Z00A I\/IeV
I
0.05 -
> 0
[ 0.25 <b, < 0.4
-0.05 o FOPI protons
asy -h
o ZH\'
0.05 ,,,,,.4* W,\
_ i 4
4 %
>(\I O ','{'/ “‘*::
' ¢ !
I +++ = ++ |
-0.05 | 7 - n kX
- = 1 Z=1 aS}II-S“
I 1 1
-1 0 1
*UrQMD: Qingfeng Li et al.
Data. W. Reisdorf et al. Yo

ASY-EOS
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Elliptic flow method: high densities \ &
A0S

80 1.4
v=0.75+0.10 -
-hard =
— 60k asy-hard 121 « AsYEOST | sV | §
= S, 1 7
= g $ :
€ 40 asy-soft ?N e
2 ¥=0.5 > 0.8 8
o 20 + asy-soft =
0.6 - o= 7
2
o i L L ] L 04 ! | ! | ! | oW
0 05 1 1.5 2 03 04 05 06 07
P/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,)?3 with dc(il}/(I)D has concluded
L =637 5 MeV,E,(py) =351 MeV
systematic errors corrected: y = 0.72 £ 0.19

slope parameter: L = 72 + 13 MeV, E_ . (p,) = 34 MeV M.D. Cozma, PRC 110 (2024) 0649111
slope parameter: L =63 + 11 MeV, E_ , (p,) = 31 MeV

ESN FAlR ﬁHELMHOLTZ
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ASY-EOS: neutron vs charged-particle
elliptic flow ratio

sensitivity to density

P. Russotto+ PRC 94, 034608 (2016)

Sensitivity

P/ po

1.0 1.5 20 25 3.0

density probed extends to 2.5 p,
maximum near saturation density

FAlR ﬁ HELMHOLTZ
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Eqm  (MeV)

80
® Brown n/ch flow
B Zhang
60 L= HIC Sn+Sn
1 IAS
- [ FOPI-LAND
Bl ASY-EOS
40 |-
i o‘
20 | - ‘¢'
40 UrQMD: L=72+13 MeV
O | | | | | | |
0 0.5 1 1.5

P/pg

ASY-EO
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Synthesis EoS: FOPI and ASY-EOS |

ASY-EOS

—— DBHF (BOnnA) ' — skme "N T
e BHF AV, ,+3-BF : - —— Sklya 1
------ var AV, ;+3-BF —— DBHF
R 40— N3 ] 100 = varAV g + v +
S [ —eeee DD-TW | < — NL3
> —— ChPT R DD-TW
= 20 F—— Skhard = - DD-pd
- —— Sk soft —— ChPT
o [ A. Le Fevre etaly, %50 B
L 0 N NPA.(Q016).. LLx" .. st - LL
M g P. Russotto et al. FOPI-LAND
B N - PLB 267 (2010) . data
P. Russotto et al.,
20, T 0 . PRG94(2017)
0 05 1 15 2 25 3 0 05 1 15 2 25 3

p/po p/po

5K FAlR ﬁHELMHOLTZ

| ASSOCIATION

25



M.D. Cozmai PRC 110 ‘2024 : 0649111
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0 60 . :

. IQMD FOPI v,, 68% CL . — BHF N®LOA/N2LOA

=z == dcQMD FOPI 68% CL ey = 50 | ~=* SCGF N°LO
S 5 decQMD FOPI 95% CL s >

g \ ,‘i:l, q 40 N erta

o . o)

2 \\ /':' '&‘) “,—‘

g '10 B \\\ ”',”’ __z" g 30 B ”,"’

z :\s\\\ /",&I i , Z ”’v,a
S N T oo | e

o0 _ [ —=e 2 ~::-__—-‘ TTTTT “_:-"‘ o ASYEOS V2n V'zc

= T ﬁ%gTLI\?ssﬁg g 10l dcQMD FOPI-LAND+ASYEOS

LS -~ SCGF N3LO Lg == dcQMD FOPI 68% CL

%0 — BHF N3ILOA/N2LOAI . 0 . dcQMD ]:J‘OPI 95% CL .
0.0 0.08 0.16 0.24 0.32 0.0 0.08 0.16 0.24 0.32
. -3 . -3
Density [fm ] Density [fm ]
Cf. M.D. Cozma’s talk on Thursdax
® gﬁ o
=S F@IR ﬁHELMHOLTZ
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FOPI - ASY-EOS EoS constraints N
and neutron stars :

ASY-EO

Reed Essick at NuSym22 in Catania

ASY-EOS:

neutron star pressure

for asymmetry 6 = 0.9
P(py) = 3.4 £ 0.6 MeV/fm3

'Ws + X-ray C;WS

Legred+, PRD 104, 063003 (2021)

— 50%/90% contours
—— PSRs 1

1029 bar

5'1;\102{5 —
=) adio -
| _—; 16% PSRs model-agnostic prior
R, [

10%} -

10°2¢ : &

o™ | "
p(g/cm?) R,,=12.6 + 1.1 km (68%)

R;4P414=9.5£05 => 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

Cf. W. Trautmann’s talk on Wednesday
SN FAlR ﬁHELMHOLTZ
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Combining heavy-ion experiments,

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

neutron-star collisions, requires a robust understanding of matter at supranuclear
M Check for updates densities. However, our knowledge about dense matter explored in the cores of

naitran crarcremainc limired Fartiinatrelv dence mattaric nnt nrnhed nnly in

| Open access |

‘iments.
11 authors from nuclear theory, heavy ion reactions, and astrophysics cssenger

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

ESN FAlR ﬁHELMHOLTZ
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astrophysical observations, and nuclear theory
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ASY-EO

(A) Chiral effective field theory: (B) Multi-messenger astrophysics: 2022 Huth+ Nature
T I L} I Ll Ll Ll l LJ LS T l T . I l v T I L} l Ll 0] Ll l LS L T l L) L I l--:—_',—r Fig. 1
1[}2:—_ Prior ]_[]2:— """ Prior -’
[P [P Astro neutron star matter
= - = -
210 - = N contours at
S F S OF 68% and 95%
% I z I credibility
i 10(’ — i 100 = :
j i prior:
1 1 L l L L1 1 1 1 l 1 1 1 l 1 1 1 | L 1 L l L I 1 1 1 l 1 1 1 l 1 1 1 ]
05 10 15 20 23 0 05 10 15 200 23 R XEFT up to 1.5 pg
Number density n [ng.) Number density n [ng.) M 21.9 M,
- * * astro:
(C) HIC experiments: (D) HIC and Astro combined:
T I L} I Ll Ll Ll l LS LS T l T L T l v T 1 ' l T T T ' - - 1 l 1 - 1 I 1 J,—r GW1 7081 7
R U~ Prior 102k - Prior +kilonova
o f HIC ".T ? —— Astro+HIC GW190425
5 [ HiCDaw E NICER 2 stars
=10 T = ok _ XMM-Newton
t ; et D;. E g Iv'max <2.17 Msun
£ 10 é 100 _ HIC:
[ 1 1 1 : PNM: ASY-EOS
- — bt — 4 S = -t l. PR S S SR ST T NN T ST U [ TR S T Y S N A "
O.z) 1.0 ) 1.5 ) .?0 2.0 3.0 0‘5 1.0 .5 20 25 3.0 SNM' FOP'! AGS
Number density n [nu] Number density n [ng.)

® oy
G5 FG\IR ﬁHELMHOLTZ
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(A) Chiral effective field theory:

102 —— Prior

—
fem)
—
T T

Pressure P [Mev fi™]

—
(e}
=)

0.5 1.0 1.5 2.0 2.5
Number density 7 [ngu]

w T

(B) Multi-messenger astrophysics:

T T T I T T T I T T T I T T T I T ‘J_—P’
102 - Prior
7 F —— Astro
- r
E C
=210 A E
A E - 3
- C ]
—_ - -
fom]
n - 4
&
=
& 100 =
1 L L I 1 L 1 I L L 1 I L 1 1 I 1 1 1 i

0.5 1.0 1.5 2.0 2.5
Number density 7 [ng]

o
o

v

L

(C) HIC experiments:
L | 1T I 1T I 1T

102 - Prior
T F— He ;
& | —— HIC Data 47
§ - T
210 2 3
Y ]
g r : ]
=
2 L i
S
£ 100

Number density 7 [ngy]

w |

(D) HIC and Astro combined:

L I I LA | I LI I LI I 1 ‘J——F

102 Prior -
i g — Astro+HIC
£ C
= - P
£ -
=10 L7 —
T E
5] - - N
—_ - -
=
’:ﬁ L .
£ 100

0.5 1.0 1.5 2.0 2.5
Number density 7 [rg]

w |
(==}
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ASY-EOS

Huthi Pang et al.i ﬁ

Arnaud Le Févre (GSI Helmholtzzentrum fiir Schwerionenforschung - Darmstadt) - EMMI2025 - GS| Darmstadt 30



ASY-EO

Huth, Pang etal.,

(A) Chiral effective field theory: (B) Multi-messenger astrophysics: i
T T T | T T T T T T I T T T T T T I T T T T T T I T T T ‘—I—‘J_—P’ (E)
102 —— Prior 102 Prior 4
T0F T F—— Astro 1.5nsar A
£ ] E f AN e
g - / g - / \“ | 3 é..
‘2_‘ 101 E = .2_. 101 = — / ‘I 9.—-"
a, F N ] E F
g i g 0 1 j 22
= = !
5 L i 5 | _ ’ =
& 100 E A, 1005— E ! 1‘<
1 1 1 I 1 1 1 1 1 1 : 1 L L I 1 L 1 L L 1 I L L 1 I 1 1 1 : /
0.5 1.0 1.5 2.0 2.5 3.0 0.5 1.0 1.5 2.0 2.5 3.0
Number icnsmy N [Nsar Number density n [ng) 3 T 5 6 5% 10 0
(C) HIC experiments: (D) HIC and Astro combined: ®
AL B I B - B 3
) T T T I T I Ll T I T I T I T I I—‘J— L 2‘5
0% Prior | — Prior - Misat ~
T p—— HC ] T OF—— Astro+ffiC &
B — = g C =N
S| HIC Da //_/_ £ f : 2 E
=R -~ E = 10t - N E.
s A e |
g : : g B 7 l’l \" 11 :2.
% % B T /'
—_ 0 | &J‘ ’I
A, 10 § £ 100 5 y
1 1 I 1 1 1 1 1 1 I 1 1 1 1 1 1 : E + L
o Lo | Lo | L1 0
0.5 1.0 1.5 ‘ 2.0 2.5 3.0 05 1.0 15 2.0 25 3.0 10 20 50 100 _3200
Number density n [ngu] Number density 7 [ng] Pressure P [MeV fm™]
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Influence of the choice of the prior

ASY-EO

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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Influence of the choice of the prior

ASY-EO

102:—

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

Pysm (MeV/fm?)
o

100 k constant speed of sound model
i 3 Huth et al. (2022) >1.5n,.
| _— E)SR + G\'Y + -]OOSOI'*' JO740 |+ |nclude HIC(FOURPI) & astrophysical
05 10 _ 15 20 _ 25 30 Observations as 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

ESN FAlR ﬁHELMHOLTZ
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R3B - ASY-EOS Il experiment (Cave C, March 2025) ('Y

Supported by European Union's Horizon Europe and Horizon 2020 Research and Innovation programmes under GrantAgreements no.

101057511 (EURO-LABS) and no. 824093 (STRONG2020)
Goal: measure the symmetry energy of nuclear matter at

ASY-EOS

— Astro
------ Prior
_ ) _ —— HIC 14
high density ( > p,, world record with HIC) and with high precision, |—— AstorHiC/i 3
to constrain neutron star properties (maximum mass, radius s ¥/ 3§
pressure versus density relation) st E:
III \\ _2 Q_
= - ll \‘\ g
Method: comparison of the strength of the out-of-plane emission @,
. . . ! \ <
(« elliptic flow ») of protons and neutrons in heavy- and neutron- N
g()c:h ion collisions at relativistic incident energies
—P. .Rugsrgxtr)] etal., PRC 94, 03322%5@016) 3 4 5 6 7 8 10 0
m Zhang AT pressure P [Mev fm~—3]
60 |- HIC Sn+Sn Phy / in neutron stars
s | Dws . density to be Huth, Pang et al., Nature 606 (2022)
2 o hey s Ll [ probed in the March 2025 measurements at GSI Darmstadt
= WA o7 ASY-EOS Il exp, Au+Au @ 280, 400, 600, 1000A MeV
g [A00AMeV /7" 2~ most relevant for 105 hiah itiplicity (>80
w’ o == neutron star Pps, high muitiplicity ( ) _
20 : der?SIRISQ(rOEng tlw physics precise reaction plane determination
i the ex;) large neutron and proton acceptance
ol optimised (macro & micro-) spill structure
o 03 1 o2 allowed about 30% more statistics
P/Pg i
=== 1L
.__gﬁ_@/%ﬁ HELMHOLTZ
| ASSOCIATION

large statistics (about 100M clean events)




R3B - ASY-EOS Il experiment (Cave C, March 2025) (%

Reaction plane: KRAB, CHIMERA
Impact parameter: TOFD sed
Neutron/proton flow: TOFD+NeuLAND ©%*

=51l
\ﬁHELMHOLTZ
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R3B - ASY-EOS Il experiment (Cave C, March 2025)

Statistics

collection times for different runs and energies

[hours]
72:00:00
60:00:00
48:00:00
=
T 36:00:00
k=]
1]
@
8
24:00:00
12:00:00 -
N =
Au 1-2% with empty Au 2% empty
target target target target
+ +
NeuLAND NeuLAND
shadow bar shadow bar

HELMHOLTZ
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ASY-EOS

Reaction plane accuracy:
CHIMERA - KRAB correlations

beam

energy
(A.MeV)

m 400
= 600

1000
= 280

CHIMERA_KRAB_RP

fh2_CHIMERA_KRAB_RP

IMERA

L
@)
c

0 50

in KRAB

Reaction plane azimuthal angle (°)
anti-correlation between KRAB and
CHIMERA for reactions in the target
(vellow bands); else: mostly reactions in
air (blue background)

=> good signal/noise ratio.




Towards higher densities and precision
Symmetric nuclear matter EoS

Perspectives:

Constrained so far up to about 3pg at GSI
Above 3po, AGS data have presumably constrained it up to around 3-7po

_.using the proton directed flow (F or v1). But inconsistencies with experimental proton elliptic flow data
comparing with FOPI data (up to 1.5A GeV)

=> should be remeasured at FAIR and re-analysed with other transport models.

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

Pmax/Po ~2 =3 5 7 Pl Po: ~2 ~3 ~5 ~7

l’l] IIIIIII T T IIIIIII Ill T T T IIIIII T T T [llll T l_
0.06 __ less pressure 04 + DATA more pre re
------- O Plastic Ball ]
i g [ OEOS P K=380 MeV |
0.00 - cascace, 03 [ ®EBYS /7 . 7]
i o © [ ]
A Pt S L i
& DATA ® 02 F ]
0 - _ O B 300 A
§ -0.05 - o Zlgztlc Ball I . .
o .. i
210 01 | 7 T —
® E895 e 167 ]
. C ]
010 300 X E877 i ]
0.0 - T 7]
K=380 MeV  ore pressure | pre
Illl 1 IIIIII 1 1 1 Illlll l lll lll [ I
0.1 05 1.0 50 10.0 0.1 05 1.0 50 10.0
E,../A (GeV) E..../A (GeV)

Pawel Danielewicz, et al. Science 298, 1592 (2002); DOI: 10.1126/science.1078070
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0.1

0.05

24
- é =
‘ -
v .‘l
. -
A in-plane
-G
-of- Y FOPI
out-of ® EOS
- plane A EB895
{ ® E877
- A ® CERES
v J ® NA49
e * STAR
L B Phenix
v ® Phobos
11Lll 1 lllllul 1 lllllu_[ 1 lllllllJ 1 llllll_ll 1 llllllJJ 111
-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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Perspectives @FAIR (CBM, HADES, R3B)

ASY-EOS

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) not yet available at higher densities.

—— Astro
------ Prior
—— HIC 13
2.0Ngat —— Astro+HIC | __
—
S
<3
12 2
= <t
\\ '\<:
R\ ol
A\ @
i \\ 5
P \ X,
\ 1<
| ' 0 ; ;
10 20 50 100 200 Challenge: which HIC observables will be able to
Pressure P [MeV fm_g] constrain the symmetry energy at higher densities?
Cf. Dan Cozma’s talk.
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Perspectives @FAIR (CBM, HADES, R3B)

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) not yet available at higher densities.

—— Astro
______ Prior 5 A GeV Au + Au (b=0): p(0,0,0,t)
HIC | 3 2.0 [ T T T T b S 1 ! =
25Nt —— Astro+HIC — S-flid
= — PHSD
8 urQMD _|
g ——o QGSM
‘5..
12 =
- =+
A\ <
\\ Q—-
\\ g
A 0\ z.
/) —
J N\ 1] =
\
/
[}
,I
J Elapsed time t (fm/c)
//
1 1 O
10 20 50 100 200

Pressure P [MeV fm_g]
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Challenge: which HIC observables will be able to
constrain the symmetry energy at higher densities?
Cf. Dan Cozma’s talk.
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A common HIC EoS with well-defined errors consistent with all transport codes

Progress in Particle and Nuclear Physics
Volume 134, January 2024, 104080

ELSEVIER

Review

Dense nuclear matter equation of state from
heavy-ion collisions
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A common HIC EoS with well-defined
errors consistent with all transport codes

In line with the
International
Transport Model
Evaluation
Project (TMEP)
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Perspectives: experimental programme

A promising multi-messenger era for the next 15+ years...
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» Combining FOPI & ASY-EOS 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
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* The ASY-EOS Il experiment performed 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, and probed density.

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

* New neutron star measurements (04, O5, ...) & 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,...



