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Overview

- Where were we in 2017 (last LRP)? (What do we know today?)
- What will be relevant for this topic within the next 10 years?
- How can we connect theory with experiments and experiments with 

theory?

This presentation is focused on the experimental side, but for this topic
theory and experimental results are strongly connected.



The Long Range Plan of 2017

• In the introduction of the Nuclear Structure and Reaction Dynamics 
section the last question to be addressed was: 

What is the density and isospin dependence of the nuclear
equation of state?

• Although many experimental and theoretical efforts have been done
on this topic, the answer to this question is still not complete.

• The study of the EOS is strictly and naturally linked with astrophysics
and it is intertwined with many experimental topics discussed in this
Working Group.



The Nuclear Equation of State nEOS
The n-EOS describes the relationship between E, T, 

Saturation
density

The study of the density dependence of the symmetry
energy has been one of the main goal of HICs studies at
intermediate and relativistic energies, because they are 
able to put some range contraints on S().
Many studies have been done at around 0 , at
subsaturation <0 and at suprasaturation >0 using HIC

There are still uncertainties on this behaviour

Experimental constraints

Theoretical models

What we knew in 2017 about S() (from LRP2017)
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Many properties are influenced by the EOS

• Phase transitions
• Collective vibrations
• Clustering phenomena and nucleon nucleon correlations (influencing

also core collapse supernovae and neutron stars)
• Properties of neutron stars (mass vs radius)
• Neutron and proton transport phenomena in heavy ion collisions (and 

isotopic composition of the ejectiles).
• Properties of nuclei (neutron skin thickness, binding energies)

LRP2017



The main parameters of the EOS for 0
The main parameters of the EOS are the incompressibility K and the density dependence of the 
symmetry energy.
They can be extracted from experimental data on heavy ion collisions and collective nuclear excitations

S() must be explored in a wide range of N/Z and  with heavy ion collisions, in 
combination with astrophysical observations. 

LRP2017
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L and S(0) influence ground state and 
excited state properties of nuclei, 
collective excitation (e.g. Pygmy Dipole
Resonance), neutron and proton
transport phenomena in HIC, the baryonic
contribution to the pressure in neutron
stars (affecting inner crust and radius) 
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K0 can be found
• from in plane and out of plane collective flow of p, n, clusters and kaons at Ebeam

>100AMeV comparing experimental results to transport model predictions => 
210-300MeV

• From collective oscillations GMR and IsoScalarGDR => 240±30 MeV from  90Zr, 
144Sm, 208Pb but not correct for Sn and Cd



3 ranges for the EOS: A) Saturation density
S() around saturation density is well known from the liquid drop model
It affects:
• the binding energy of nuclei
• the neutron skin thickness
• Collective excitations
• The energy of isobaric analogue states (the lowest energy states with a given T)

Experimental probes:
• Difference in B/A between even-even isotope pairs of different elements
• Measurement of the neutron distribution in 208Pb by means of the elastic scattering of 

polarized electrons
• Proton elastic scattering on different targets of the same elements (e.g.204,206,208Pb)
• Measurement of the energy of isobaric analogue states in many nuclei
• Collective excitations: the centroid of the  Giant Dipole Resonance (related to S(0)),  the 

strength of the Pygmy Dipole Resonance and the nuclear polarizability (measured by 
means of the photoabsorption cross section)

LRP2017



3 ranges for the EOS: B) Subsaturation density
Heavy ion reactions are the only lab technique to explore the n-EOS far from 0

Ebeam=20-100 AMeV => intermediate energies => these reactions give access
to the sub saturation region (<0)

A hot and compressed system is formed and then it evolves with time under the 
effect of nuclear and Coulomb forces. Its behaviour is described by transport

models including specific functionals for the symmetry energy 𝑆(𝜌)~
𝜌

𝜌0

𝛾

, whose

stiffness is given by 

In central collisions during the expansion phase subsaturation
densities <0/3 can be reached
A liquid gas phase coexistence may occur in the spinodal region

Topics:
• Multifragmentation
• Collective flow
• Emission time scales
• Fluctuation analysis
• Bimodality
• Calorimetric measurements

Info on phase
transitions and EOS

• Isospin distillation: gas phase more neutron rich than liquid phase (the 
strenght of the effect depending on the symmetry energy)

Many studies in this field have been
done, exploiting the large amount of 
available beams with different N/Z (e.g. 
GANIL, LNS):

LRP2017



3 ranges for the EOS: B) Subsaturation density
Ebeam=20-100 AMeV => intermediate energies => these reactions give access to the sub saturation region (<0)

In peripheral collisions QP and QT exchange nucleons through the low density neck. Isospin
transport phenomena take place:

Isospin diffusion (depending on S(0)) : net transfer of neutrons (protons) from n(p)-rich to n(p)-poor partner 
in N/Z asymmetric reactions

Isospin drift (depending on 
𝝏𝑺

𝝏𝝆
|𝝆𝟎i.e. on L) : net migrations of neutrons towards the low density neck region

Information on S() from isospin related observables in isospin symmetric and asymmetric reactions comparing
experimental results with the prediction of transport models. Many discrepancies and differences depending on 
the adopted model are still present. 
Also clustering phenomena may be influenced by the n-EOS
Many experiments have been done on these topics (e.g. GANIL, LNS). 
The use of radioactive beams at intermediate energies can help in producing reactions with very high isospin N/Z 
asymmetry in the entrance channel, thus maximinzing the expected isospin transport processes and the 
sensitivity to the behaviour of the symmetry energy

LRP2017



3 ranges for the EOS: C) Suprasaturation density

Ebeam=100 AMeV- 1AGeV => relativistic energies => these reactions give access to the supra saturation region
(>0 up to 20)

Observables sensitive to EOS:
Beyond 200 AMeV:
• Elliptic flow of nucleons
• Pions and kaons productions
Beyond 300 AMeV:
• +/ - yields as a function of their kinetic energy (with discrepant results due to 

the difficulty to model pion reabsorption and scattering in nuclear medium).
Kaons are a better probe than pions because they are not affected by reabsorption

Many esperiments performed at GSI

LRP2017

Heavy ion reactions are the only lab technique to explore the n-EOS far from 0



• The extraction of S parameters requires the use of 
theoretical models.

• It is necessary to compare experimental results concerning
observables affected by S() with the prediction of 
theoretical models with different recipes on S

• The parameters of S obtained from nuclear
properties and astrophysical observations
must be consistent (not to be taken for 
granted)

• It is important to reduce the uncertainties on the S parameters due both to the 
experimental accuracy and model dependencies

Predicted values for L and S(0) on the basis of the results
obtained in nuclear physics and from astrophysics
observations

What we knew in 2017 concerning the 
parameters describing the Taylor expansion of 
S()

Very large uncertainties

Almost nothing was known on the higher order of the 
expansion

Caveat and recommendations in the LRP 2017:

LRP2017



Today

One of the main purposes for the study of the EOS as a function of  is the impact on the understanding
of astrophysical processes:
• Core collapse supernovae explosions
• Neutron star properties (mass, radius, deformability)
• Binary mergers and gravitational waves and kilonova signals

Constraints on the EOS for symmetric nuclear
matter for >0 obtained from heavy ion collision
experiments (FOPI@GSI, elliptic flow of LCP, yield
of kaons. Models: IQMD, UrQMD6) => K0 around
200MeV

For this topic it is important to constrain the EOS at >0



Today:
For neutron stars and for exotic nuclei,  it is important to constrain the symmetry
energy as a function of the density for both sub and supra saturation densities.

The symmetry energy evolution from sub saturation densities up to 20 (recent estimation)

For sub saturation densities results obtained from neutron skin thickness (PREX), collective resonances, 
isotope yields of fragments produced in heavy ion collisions, nuclear masses, isobaric analog states, 
isoscaling.
Beyond 0 results obtained from elliptic flow of neutrons and LCP (FOPI-LAND, ASY-EOS), +/- (SPIRIT)



Probes at
subsaturation density

C.Ciampi et al., PRC106(2022)024603

INDRA-FAZIA@GANIL

Isospin transport ratio

To be compared with the prediction of 
transport models

QP 
INDRA-VAMOS@GANIL

ISOSCALING of QP 

Q.Faible et al., PRC106(2022)024605

X=<N/Z> of QP



Probes around and below
saturation density

Pygmy dipole resonance in 68Ni 

CHIMERA-FARCOS@LNS

N.S.Martorana et al., PLB782(2018)112

The strength of the pygmy resonance is
related to the neutron skin thickness
which is directly related to the L term of 
the expansion of the symmetry energy

PREX@JLAB

Neutron skin thickness of 208Pb measured
through the elastic scattering of polarized electrons

L=106±37 MeV

D.Adhikari et al., PRL 126(2021)172502



Probes
beyond 0

ASYEOS@GSI

Ratio of elliptic
flows of neutrons
and charged
products

P.Russotto et al., 
PRC94(2016)034608

SPIRIT@RIKEN

Pion spectral ratio

J.Estee et al., PRL126(2021)162701

FOPI@GSI

Elliptic flow of p vs. rapidity

Multiplicity of pions

A. Le Fevre, 
NPA945(2016)112



Perspectives (inputs from the community):
• The situation is better with respect to the LRP2017 but still unsatisfactory especially at

high densities due to the large uncertainties.

• Some suggestions in the contributions sent by the community concerning the reduction
of the uncertainties:

• In order to reduce the uncertainty on the neutron skin (best result: PREX data, with 
very large errors), p-radioactive beams elastic scattering (in storage rings) could be 
performed at FAIR, measuring neutron density distributions

• An electron-heavy ion collider for radioactive beams at GSI is also proposed for the 
same aim.

• For suprasaturation density K+/K0 yield can be a good probe of the symmetry energy
because they are produced at the early stage of the collisions (high density state due 
to compression) and they do not significantly interact with the system



2017: the beginning of the multimessenger era

The combination of the constraints coming from 
heavy ion collisions with those coming from 
astrophysics will allow to improve very much our
knowledge of the symmetry energy on a very wide 
range of densities

The discovery of gravitational waves introduced new 
constraints on the symmetry energy

C.A.Raithel et al., Astrph Jour 885(2019)121

Constraints on K0 and Ksym obtained from 
GW170817



Merging of HIC data and astrophysical observations

S.Huth et al., Nature 606, 276 (2022)

Bayesian analysis to combine data from astrophysical multimessenger observations of neutron stars
and from HIC of Au at relativistic energies with microscopic nuclear theory calculations (based on chiral
effective field theory)

Merging Chiral EFT, multimessenger results
and HIC produces more stringent constraints
on the EOS, resulting in more stringent
constraints on the mass-radius relationship in 
NS 

ASY-EOS and FOPI@GSI



Up to 1.5 0 HIC contrains the EOS of neutron stars with accuracy similar to that of astrophysical measurements
Beyond 1.5 0 astrophysical data are more accurate than HIC data but the statistics is very low
In order to constrain the neutron star radius the most important region to investigate are in the range 1.6-2.5 0

HIC experiments can contribute to improve the knowledge of the neutron star EOS if their range is
extended beyond 1.5 0 and their accuracy in the determination of symmetry energy is improved

At GSI, RIKEN and FRIB@MSU many project aiming at constraining the symmetry energy up to 30 are already planned, e.g.
• ASY-EOS2@GSI using elliptic flow of neutrons and protons
• Pion production at RIKEN
• Pion production, elliptic flow at FRIB
• HADES@GSI using kaons at the production threshold
• Short range correlations R3B@FAIR

Short range correlations: pairs of strongly interacting nucleons
whose distance is comparable to their radii and individual
momenta are larger than that of mean field nucleonsBeyond 30:

In this region it is important to constrain both the EOS for symmetric matter and the symmetry energy
It is expected that at very high bombarding energies (beyond 2AGeV) the elliptic flow is no more useful
HADES, R3B, CBM@GSI Collective flow of protons and LCP 

Heavy Ion Collisions and Astrophysics observation are complementary in constraining the 
EOS and the symmetry energy

At FAIR@GSI also study of the possible hyperon contribution to 
EOS (relevant for neutron stars)



Perspectives for the subsaturation side
Also for <0 there is room for a further improvement of the constraints on the n-EOS and the symmetry energy
(especially if an equivalent improvement is done on the theoretical side for transport models)

B.A.Li et al., 
Universe
7(2021)182

Results concerning L and Ksym obtained from a survey of many experimental results
Best estimate for L=57.7±19 MeV
Best estimate for Ksym=-107±88MeV

PREX result is far from these values L=106±37 MeV

New data on isospin drift and diffusion may help in constraining the higher orders of the symmetry energy
expansion, especially if RIBs are employed, as it is in the physics program of e.g. INDRA-FAZIA@GANIL, CHIMERA-
FARCOS@LNS

MREX@MAINZ for a more precise measurement of the neutron skin of 
208Pb



A topic which deserves further investigation is the equilibration time of the isospin degree of freedom due to 
its interplay with the isospin transport process and the isotopic composition of the ejectiles (and therefore on 
the determination of the symmetry energy)

A.Jedele et al., PRL 118 (2017)062501

Isotopic composition of the QP breakup 
fragments as a function of the break up angle 

NIMROD@Texas A&M

Perspectives for the subsaturation side

For example, this topic is in the physics program of INDRA-FAZIA



Perspectives for the subsaturation side
Also in this density region the best strategy to constrain the symmetry energy and 
the EOS  is to combine the results of different probes

Lynch and Tsang, PLB 830(2022)137098



How to connect theory with experiments and experiments with theory.

• Extremely strong link between theory and experiments for n-EOS and symmetry energy
• No direct access to EOS and symmetry energy from the experimental data
• Mandatory the comparison between model predictions implementing different n-EOS 

and experimental results

• On theory side a further improvement of transport models is mandatory, also for the 
relativistic regime for the study of the suprasaturation region

• The focus should be in the reproduction of the largest possible part of properties of the 
reactions,  in a wide range of beam energies and systems, tuning the symmetry energy.

• Agreement between different theoretical approach (e.g. BUU like and QMD like) should be 
envisaged (e.g TMEP project, Transport Model Evaluation Project, still on going)

• In particular, for the use of kaons as probes, it is necessary to improve the description of 
pion emission in the fireball

• The use of Bayesian analysis is a very promising tool to constrain the EOS
• Also many body theories must be further developed (ab-initio calculations)
• Three body forces must be included in effective potentials



Facilities: recommendations of the LRP2017 for the study of the nEOS (and, more in 
general, for the study of nuclear structure and dynamics): 

Nowadays many of these recommendations are still valid. 
We can add the FRAISE facility@LNS for RIBs



Take-home message:
• The winning strategy to constrain the EOS and the symmetry energy is to combine results

obtained with different experimental approaches both for HIC and for astrophysics
observations

• The region where the largest uncertainties persist is the suprasaturation density, which is
also the most important for astrophysics. Elliptic flow, collective flow, pions and kaons are 
good probes in this range.

• Also below 0 there is room for further reduction of the uncertainty mainly for the highest
order of the symmetry energy expansion, especially using RIBs and looking at isospin drift
and diffusion and cluster correlations

• A development of transport models also in the relativistic regime but also for intermediate 
energies is mandatory to improve the study of the EOS and of the symmetry energy

• Facilities delivering RIBs also at intermediate and relativistic energy must be made 
operational

• New generation neutron detectors must be developed to improve the use of neutrons as
probe for the elliptic and collective flow and for the isospin distillation



Thank you for your attention


