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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
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M.	Hanauske	et	al.,	2017	J.	Phys.:	Conf.	Ser.	878	
012031

BNS	Merger 
(Density)
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(Density)
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Temperature	and	density	created	in	the	fireball	in	
HIC’s	at	intermediate	energies	

( )		
mimic	the	density	and	temperature	conditions	

created	in	binary	neutron	star	mergers

Einc ≈ 0.1 − 10AGeV
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Micro- & macroscopic collisions
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squeeze-out  tidal deformation 
neutron skin  neutron star radius
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The nuclear EoS from experiments  
and astronomical observations

DLL: Danielewicz, Lacey, Lynch, Science - DFT: Density Functional Theory

presented by Betty Tsang for Tommy Tsang at NuSym23

figure from Tsang+, Nature Astronomy (2024) 
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The equation-of-state of nuclear matter
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Neutron matter  
δ=1

Fuchs and Wolter, EPJA 30 (2006)

Symmetric matter 
 δ=0

Symmetry 
energy
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Pressure vs density for symmetric nuclear matter
Huth et al., Nature 606 Extended Data Fig. 5
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N2LO 
N3LO
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Measurements of FOPI
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      Elliptic flow method: 
FOPI and the incompressibility K0
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Elliptic flows of particles out of the participant region (« fireball »)
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Elliptic flows of particles out of the participant region (« fireball »)

z

x

y
V2

Y = rapidity 
pt = transverse momentum 
ΦR = reaction plane azimuthal angle

’Elliptic flow’:  cos(2(Φ-ΦR)) mode, competition between ‘in-plane’ (V2>0) and ‘out-of-plane’ 
ejection (V2<0).

V1 = ‘side/directed flow’, cos(Φ-ΦR) mode

Flows at high density in heavy-ion collisions
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K0 =  
380 MeV (‘stiff’) 
200 MeV (‘soft’)

A. Le Fèvre et al., NPA 945 (2016) 112–133 
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Complete shape of v2(y0): 
a new observable: 
v2n = |v20| + |v22|,  
from fit  
v2(y0) = v20 + v22 . y02

K0 =  
380 MeV (‘stiff’) 
200 MeV (‘soft’)

A. Le Fèvre et al., NPA 945 (2016) 112–133 
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       Elliptic flow method: 
FOPI and the incompressibility K0
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➜ v2n(Ebeam) varies by a factor 
≈1.6, >> measured uncertainty 
(≈1.1) 
➜ clearly favors a ’soft’ EOS. 
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Historical evidences of the need for 
momentum dependent interaction

12

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

v1

Z=1 Z=2

400A MeV semi-central IQMD

• Subthreshold kaon data (KaoS) clearly advocate a soft EoS  :  
« Hadronic Matter is Soft », Ch. Hartnack, H. Oeschler and J. Aichelin, PRL 96, 012302 (2006)

• Elliptic flow data can be 
explained by a soft EoS 
only if m.d.i. is included

no m.d.i.

no m.d.i.

v1 Z=1 Z=2
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Recent FOPI data analysis

SMASH: 
• Soft momentum-dependent interaction (SP) 

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

13

Tarasovicova et al., arXiv:2405.09889 (2024)
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Recent FOPI data analysis

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

14

M.D. Cozma arXiv:2407.16411 (2024)

dcQMD − > K0 = 230+9
−11 MeV



Arnaud Le Fèvre - NuSym2024 - Caen

Origin of elliptic flow:  
collisions versus mean field
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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:
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A. Le Fèvre et al., PRC98 (2016) 034901
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A. Le Fèvre et al., PRC98 (2016) 034901
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An observable to quantify their respective 
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Outer blue areas ⇦ attractive potential of the 
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A. Le Fèvre et al., PRC98 (2016) 034901
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Little difference between 0.6 AGeV 
and at 1.5 AGeV. 
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A. Le Fèvre et al., PRC98 (2016) 034901
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A. Le Fèvre et al., PRC98 (2016) 034901
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❖ The elliptic flow observed in the reactions around Ekin ≈ 1 AGeV for protons at mid-rapidity  
(|y0| < 0.2) has two origins: 

A. Le Fèvre et al., PRC98 (2016) 034901
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❖ The elliptic flow observed in the reactions around Ekin ≈ 1 AGeV for protons at mid-rapidity  
(|y0| < 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 v2 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 Fèvre et al., PRC98 (2016) 034901
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       Elliptic flow: densities probed by FOPI
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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 
ρ ≃ (1 − 3) ρ0.

high densities trigger the flow

the flow develops and stabilises 

with lower densities

A. Le Fèvre et al., NPA 945 (2016) 112–133 
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Elliptic flow method: 
FOPI EoS constraints
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• K0 as from FOPI flow data 

[A. Le Fèvre et al., NPA945(2016)112-133] 
 
 
[Y. Wang et al., PLB-778(2018)207-212] 

 

[M.D. Cozma, arXiv:2407.16411v2 - July 2024] 

dcQMD − > K0 = 230+9
−11 MeV

A. Le Fèvre et al., NPA 945 (2016) 112–133 
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      Elliptic flow and symmetry energy constraint  
with ASY-EOS (I)

20

ASY-EOS

➢ 400A MeV Au+Au, 96Zr+Zr, 96Ru+Ru at GSI (2011)
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Elliptic flow and symmetry energy constraint  
with ASY-EOS (I)
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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)

CHIMERA

LAND

n, p, ch
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    Elliptic flow and symmetry energy constraint  
with ASY-EOS (I)
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Differential elliptic flow v2 of n/p  
UrQMD* (Q. Li et al.) predicts: 

    protons unchanged 

    neutron and proton flow inverted 

Towards model invariance: 
tested stability with different models: 
➢ soft vs. hard EoS:   
➢ density dependance of  

➢ asymmetry dependance of  
➢ optical potential 
➢ momentum dependence of isovector potential 
M.D. Cozma et al.,PRC 88, 044912 (2013),  
                              arXiv:2407.16411v2 (2024)   
P. Russotto et al., PLB 267 (2010)  
Y. Wang et al.,PRC 89, 044603 (2014) 

190 < K0 < 260 MeV
σNN,elastic

σNN,elastic

“hard”  Esym(ρ) 

“soft”  Esym(ρ)

-v
2

-v
2

*UrQMD: Qingfeng Li et al. 
Data. W. Reisdorf et al.
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      Elliptic flow method: high densities 
ASY-EOS

23

▪ parametrization for Easy used in the UrQMD model:  
Esym = Esym

pot+Esym
kin = 22 MeV·(ρ/ρ0)

γ+12 MeV·(ρ/ρ0)2/3  

▪ systematic errors corrected: γ = 0.72 ± 0.19 
▪ slope parameter: L = 72 ± 13 MeV, Esym(ρ0) = 34 MeV 

▪ slope parameter: L = 63 ± 11 MeV, Esym(ρ0) = 31 MeV

P.
 R

us
so

tto
 e

t a
l.,

 P
R

C
 (2

01
7)

 

▪ A more recent analysis of M.D. Cozma 
with dcQMD has concluded 
L = 63+10

−13 MeV, Esym(ρ0) = 35 ± 1 MeV
M.D. Cozma, arXiv:2407.16411 (2024) 



Arnaud Le Fèvre - NuSym2024 - Caen

ASY-EOS: neutron vs charged-particle elliptic flow ratio
P. Russotto+ PRC 94, 034608 (2016)

24

sensitivity to density

density probed extends to 2.5 ρ0 
maximum near saturation density UrQMD: L=72±13 MeV

n/ch       n/p
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Synthesis: FOPI and ASY-EOS (I) EoS
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A. Le Fèvre et al.,  
NPA (2016)

P. Russotto et al.,  
PLB 267 (2010) 
P. Russotto et al.,  
PRC 94 (2017)  

FOPI-LAND 
data
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Synthesis: FOPI and ASY-EOS (I) EoS
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M.D. Cozma arXiv:2407.16411 (2024)
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FOPI - ASY-EOS EoS constraints  
and neutron stars 

model-agnostic prior 

1029 bar

27

50%/90% contours

ASY-EOS: 
neutron star pressure  
for asymmetry δ = 0.9 
P(ρ0) = 3.4 ± 0.6 MeV/fm3 

R1.4 = 12.6 ± 1.1 km (68%)

Legred+, PRD 104,  
063003 (2021)

           R1.4Psat
-1/4 = 9.5 ± 0.5    =>  R1.4 = 12.9 ± 0.6 km ± 0.7 km (68%) 

                 (stat.)     (correl.) 
for ASY-EOS: Russotto+, PRC 94, 034608 (2016) 
for correlation: Lattimer, arXiv:2308.08001

Reed Essick at NuSym22 in Catania
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Combining heavy-ion experiments,  
astrophysical observations, and nuclear theory 

28

Nature 606, 276 (2022)

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

 

Bayesian inference as in Dietrich+, Science 370, 1450 (2020) 
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χEFT prior + HIC + astro

29

prior: 
χEFT up to 1.5 ρ0 

Mmax ≥1.9 Msun 

astro: 
GW170817 
+kilonova 
GW190425 
NICER 2 stars 
XMM-Newton 
Mmax ≤2.17 Msun 

HIC: 
PNM: ASY-EOS 
SNM: FOPI, AGS

68% 95%

2022 Huth+ Nature 

Fig. 1  
neutron star matter 

contours at 
68% and 95% 
credibility 
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Constraints from heavy-ion collisions

30

Astro 
+ 
HIC

Astro 
+ 
HIC

Huth, Pang et al., Nature 606 (2022) 

χEFT prior + HIC + astro
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Constraints from heavy-ion collisions

30

Astro 
+ 
HIC

Astro 
+ 
HIC

Huth, Pang et al., Nature 606 (2022) 

χEFT prior + HIC + astro
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Influence of the choice of the prior
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Influence of the choice of the prior
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From	Betty	Tsang	at	NuSym23
Legred	et	al.,	Phys.	Rev.	D	104,	063003	
(2021)	
• Non-parametric	equation	of	states	as	

priors.	
• Astrophysical	observations	are	used	as	

constraints	

Huth,	Pang	et	al.,	Nature	606,	279	(2022)	
• Prior	distribution	from	the	Chiral	

Effective	Field	theory	(up	to	1.5n
0
);	

constant	speed		of	sound	model	
>1.5n

0
.		

• Include	HIC(FOURPI)	&	astrophysical	
observations	as	constraints

χEFT seems to generate a bias as a prior, 
forcing artificially the posterior EoS to be too soft in the  density range0.5 − 1.5ρ0
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Perspectives: ASY-EOS II
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2025: ASY-EOS II at R3B/FAIR (proposal: arXiv:2105.09233)
sensitivity to higher density with 
n/p flow at higher incident energy 

and new instrumentation

NeuLAND 

2.5x2.5x1.2 m3

UrQMD: sensitivity to EoS stiffness

TüQMD: density probed at 400 AMeV
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Perspectives: ASY-EOS II
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2025: ASY-EOS II at R3B/FAIR (proposal: arXiv:2105.09233)

NeuLAND 

2.5x2.5x1.2 m3

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

spokes persons 
   P. Russotto, J. Łukasik, A. Le Fèvre  

   

Cave C

Scheduled in March 2025 at SIS18 (GSI)
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Perpectives: ASY-EOS II

Kraków Barrel

Main characteristics: 736 scintillation fibers 4x4 mm2

                                     arranged in 5 rings

target

43 cm

35

successfully tested with gold beam 
in March 2024

Jerzy Łukasik at NuSym23
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Perspectives: Towards higher densities and precision

Symmetric nuclear matter EoS 
• Constrained so far up to about 3ρ0 at GSI 
• Above 3ρ0,  AGS data have presumably constrained it up to around 3-7ρ0 

• … 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 (with heavy systems to 
reach higher densities).  

• Above 1A GeV, elliptic flow still sensitive on K0, up to around 3A GeV. Directed flow is more 
constraining at higher incident energies.  

36

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

BUU

A. Le Fèvre et al., Phys. Rev. C 98, 034901 (2018) 
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Perspectives @FAIR (CBM, HADES, R3B)
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Present	situation:	Above	 		,	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.

≈ 2ρ0

Challenge: which HIC observables will be able to 
constrain the symmetry energy at higher densities? 
Cf. Dan Cozma’s talk.
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Present	situation:	Above	 		,	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.

≈ 2ρ0

5ρ0

J.	Randrup	&
	J.	Cleym

ans,	PRC	74	(2006)	047901 
I.C.	Arsene	et	al.,	PRC	75	(2007)	034902 
Frim

an	et	al.,	The	CBM
	Physics	Book,	Springer	(2010)

Challenge: which HIC observables will be able to 
constrain the symmetry energy at higher densities? 
Cf. Dan Cozma’s talk.
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Perspectives: transport modelling improvements

38

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…	
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Perspectives: transport 
modelling improvements
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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)@ 270A MeV
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Perspectives: experimental programme
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[1]	D.	Morrison,	Quark	Matter	2022	|	Link	
[2]	Proposal	for	Beamtime	in	2023-24,	GSI	G-PAC	(2022) 
[3]	Proposal	for	Beamtime	in	2023-24,	GSI	G-PAC	(2022) 
[4]	I.	Maldonado,	A.	Ayala,	EuNPC	2022	|	Link

[5]	First-Science	and	Staging	Review	of	the	FAIR	Project	(2022)	|	
Link	
[6]	LIGO-Virgo-KAGRA	Observing	Run	Plan	|	Link	 
[7]	Einstein	Telescope	Homepage	|	Link	 
[8]	LISA	ESA	Factsheet	|	Link

[9]	NICER	Proposals	Guide	–	Cycle	5	|	Link	
[10]	eXTP	Homepage	|	Link		 
[11]	STROBE-X	White	Paper	for	the	Astro	2020	Decadal	Survey	
|	Link	
[12]	ATHENA	ESA	Factsheet	|	Link

A	growing	multi-messenger	era	for	the	next	15+	years…

K. Agarwal

https://indico.cern.ch/event/895086/contributions/4615174/
https://indico.cern.ch/event/1104299/contributions/5055310/
https://www.gsi.de/fileadmin/oeffentlichkeitsarbeit/fair/FAIR-report_221025.pdf
https://observing.docs.ligo.org/plan/
http://www.et-gw.eu/
http://www.esa.int/Science_Exploration/Space_Science/LISA_factsheet
https://heasarc.gsfc.nasa.gov/docs/nicer/proposals/ao5/nicer_prop_guide_ao5.html
http://www.isdc.unige.ch/extp/
https://arxiv.org/abs/1903.03035
https://www.esa.int/Science_Exploration/Space_Science/Athena_factsheet
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• Improvement of symmetry energy constraints around   
from ASY-EOS@SIS, CBM/HADES/R3B@FAIR, FRIB, FRIB400, RIKEN,…

1.5 − 3ρ0

• 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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