
Isospin and symmetry energy –

From the laboratory to compact stars

Y. Leifels for the FOPI and ASYEOS Collaborations

GSI Helmholtz-Center for Heavy Ion Research
Planck Str. 1, D-64921 Darmstadt, Germany

Abstract

The equation of state of asymmetric nuclear matter is still contro-
versial, as predictions at subsaturation as well as above-normal density
diverge widely. Several experimental observables measured in heavy-
ion collisions in the energy range 0.1-1.500 AGeV are discussed. Esti-
mates of the density dependence of the symmetry energy are derived
from comparison of experimental results with those of transport codes
with different implementations of the potential part of the symmetry
energy are presented.

Introduction

Understanding the equation of state (EOS) of nuclear matter is of funda-
mental importance in many areas of nuclear physics and astrophysics [1].
The nuclear EOS describes the relation between density, pressure, energy,
temperature and the asymmetry δ = (ρn − ρp)/ρ, where ρn, ρn, and ρ are
neutron, proton and nuclear matter densities, respectively. The EOS may
be divided into a symmetric matter part independent of the isospin asym-
metry and an isospin term, also quoted as symmetry energy Esym(ρ), that
enters with a factor δ2 into the equation of state [2].

Knowledge on the nuclear symmetry energy Esym(ρ) is critical in many
aspects: At densities at and lower than saturation density ρ0, symmetry en-
ergy influences nuclear masses, neutron skins, pygmy resonance, and nuclear
structure at the drip line. In heavy ion collisions around the Fermi energy
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it governs the competition between dissipative mechanisms, and manifests
itself through neutron distillation in fragmentation, which is a signature of
a phase transition. At higher incident beam energies and nuclear matter
densities larger ρ0 the symmetry energy affects nucleon/cluster emission,
collective flows and meson production, and at very high baryon densities
a large symmetry repulsion may lead to an ”earlier” hadron-deconfinement
transition in neutron rich matter [3]. The EOS of asymmetric nuclear mat-
ter is also a quantity of crucial significance in understanding the physics of
isolated and binary neutron stars, type II supernovae and neutron star merg-
ers. Experimental information about the EOS can help to provide improved
predictions for neutron star observables such as stellar radii and moments
of inertia [1], crustal vibration frequencies, and neutron star cooling rates,
which are currently being investigated with ground-based and satellite ob-
servatories.

There are different means to study the symmetry energy of the nuclear
matter equation of state, but heavy ion collisions provide the only way to
explore densities different from the saturation density ρ0 in the laboratory,
as in the course of such a collision matter suffers compression and expan-
sion phases. Several observables have been proposed by theoreticians (for
reviews, see [1,3]) to be sensitive to the symmetry energy and the experimen-
tal search for measurable effects started some years ago with stable-isotope
beams and targets spanning the largest possible N/Z range.

Those investigations can be categorized into three approaches:

• The N/Z of target and/or projectile is varied along isotopic chains;
the system mass is changing, but not its charge.

• The N/Z of target and/or projectile is varied at constant mass: the
system charge is changed keeping its mass stable.

• The system is unchanged, but isospin pairs serve as probes.

The prediction of the symmetry energy Esym(ρ) which can be derived from
the experiments rely on models, generally microscopic transport codes
simulating nuclear collisions, or sometimes statistical models which are
claimed to give the absolute value of the symmetry energy under given
density and temperature conditions.

Symmetry energy

The key ingredient for constructing the nuclear matter equation of state
is the basic nucleon-nucleon interaction. Until now our understanding on

EPJ Web of Conferences

00009-p.2



0

25

50

0 0.5 1

ρ/ρ0

E
sy

m
  (

M
eV

)

0

50

100

0 1 2 3

ρ/ρ0

SKM*
SkLya
DBHF
varAV18 + δv + 3-BF
NL3
DD-TW
DD-ρδ
ChPT

Figure 1: (Color Online) Symmetry energy as a function of density as calculated
with different theoretical models. The left panel shows the low density region while
the right panel displays the high density range. Figure is taken from [2].

nucleon-nucleon interactions derives from studying rather symmetric nuclear
matter at moderate densities on the one hand and massive neutron rich
astrophysical objects on the other. Bridging this gap in accordance with
known realistic features of nuclear and hadronic physics is a major challenge
for theoreticians and experimentalists.

Microscopic calculations of the energy functional of nuclear matter em-
ploying different approaches to the nucleon-nucleon interaction predict dif-
ferent forms of the EOS. As a result, the symmetry energy, which is the
difference in energy between pure neutron and symmetric matter, shows
very different behaviors. Fig. 1 (taken from [2]) compares the symmetry en-
ergy Esym(ρ) predicted by various calculations using different approaches,
including energy functionals from Dirac-Brückner-Hartree-Fock calculations
(DBHF), Relativistic Mean Field (DD-TW and DD-ρδ), and two Skyrme
predictions (SKM* and SkLya). The left panel zooms the low-density re-
gion, while the right panel shows the high density behavior of Esym. Most
models coincide at or slightly below normal nuclear matter density, which
demonstrates that constraints from finite nuclei are active for an average
density. However, the extrapolations to supra-normal densities diverge dra-
matically. More recent calculations show in addition a strong enhancement
of the symmetry energy when 3-Body-Forces are included [3].

The different density dependences of Esym(ρ) can be described more
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Figure 2: Compilation of the slope parameter L determined by various methods at
or below normal nuclear matter density ρ0 (taken partially from [6]).

quantitatively by expanding the symmetry energy in terms of (ρ − ρ0)/ρ0

using the value of Esym(ρ = ρ0) and the slope parameter L(ρ0) =
3ρ0

δEsym(ρ)
δρ |ρ=ρ0 leading to the following equation:

Esym(ρ) = Esym,0 +
L(ρ0)

3

(
(ρ − ρ0)

ρ0

)
+

Ksym
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(
(ρ − ρ0)

ρ0

)2

+ ... (1)

where Ksym is referred to as curvature parameter. If L(ρ0) is large (L >
100 MeV) the symmetry energy increases strongly with density, ie. ”stiff”
dependence, if L is small (L < 70 MeV) the increase of Esym(ρ) is only
moderate with density and called ”soft”.

Symmetry energy at low densities

The value of Esym(ρ0) is known to be around 25-34 MeV mainly from an-
alyzing nuclear masses (e.g. [5]). The slope parameter L(ρ0) has been ex-
tensively studied but remains much more uncertain. Fig. 2 shows a com-
pilation of values for the slope parameter L(ρ0) resulting from various ex-
periments or theoretical calculations. These include the isospin diffusion,
neutron/proton ratio of pre-equilibrium nucleon emission, giant dipole as
well as pygmy dipole resonances, and neutron-skins of heavy nuclei studied
in proton elastic scattering, in anti-protonic atoms, and more recently by
parity violating electron scattering (quoted PREX [6]). The thickness of
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p > depends linearly not only on the
slope parameter L [7], but also on Esym(ρ0) and the curvature parameter
K.

Heavy ion reactions at moderate beam energies of nuclei with varying
N/Z are a sensitive tool to study the density dependence of the symmetry
energy at sub-normal nuclear matter densities. Isospin diffusion in semi-
peripheral collisions may serve as an example. It is caused by an isospin
gradient between the projectile and the target and leads to an exchange of
neutrons and protons across the neck region in a semi-peripheral collision.
The symmetry energy governs the pace of this equilibration process: if the
symmetry energy has a stiff density dependence the degree of isospin diffu-
sion will be small, if it is soft diffusion is large and equilibration is reached
rapidly. Experimentally the N/Z contents of the expanding system can be
deduced from isobaric yield ratios (e.g. 7Li/7Be) measured as a function of
rapidity [8], these experimental results are compared with the predictions of
transport models to obtain an estimate for the slope parameter L (compare
Fig. 2.

The values of L compiled in Fig. 2 scatter between 30 and 100 MeV. The
average slope parameter one may extract as a mean value of all these studies
is L ≈ 60 ± 10 MeV, which is equivalent to a rather ”soft” dependence of
Esym on density.

Symmetry energy at high densities

In contrast to the situation at and below normal nuclear matter density, very
few constraints exist on the symmetry energy at supra-normal densities, i.e.
ρ ≈ 2ρ0. Several potentially useful observables which should be sensitive to
the symmetry energy at high densities have been identified:

Kaon production in heavy ion reactions at energies close to the pro-
duction threshold in NN collisions (Ethr,NN = 1.6 GeV) has proven to be
sensitive to the densities reached in the course of the collision. In particular,
kaon yields are a sensitive and robust observable to constrain the nuclear
EOS. Thus the isospin contents of the produced strange mesons is claimed to
provide information on the symmetry energy at high densities. The FOPI
collaboration investigated K0 and K+ production in the 96Ru + Ru and
96Zr + Zr systems. These systems have the same mass but different isospin.
The results together with various model predictions are shown in Fig. 3
(left side). Obviously, the experimental data of the isotopic double ratio
for kaons is described by the model predictions but the variation of these
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Figure 3: Left panel: Experimental ratio (K+/K0)Ru/(K+/K0)Zr (stars) and pre-
dictions of a thermal model code and a BUU transport model employing three
different approaches for the symmetry energy, NL, NLρ and NLρδ with increas-
ing stiffness, and two different scenarios, i.e. INM (infinite nuclear matter, open
symbols) and HIC (heavy ion collision, filled symbols). Right panel: K0/K+ ra-
tio as a function of incident energy for Au+Au collisions calculated for different
assumptions on the density dependence of the symmetry energy.

predictions with the magnitude of Esym(ρ) is only very small. In contrast
to the model results for a heavy ion reaction scenario there is a significant
variation of the kaon ratio with the behavior of Esym(ρ) in an infinite nu-
clear matter calculation. This finding corroborates the assumption that the
isotopic kaon ratio might be a sensitive observable in heavy ion reactions.
Indeed it can be shown that the sensitivity of the kaon ratio to Esym(ρ) is
increasing with decreasing beam energy [3]. At energies substantially below
the kaon production threshold in elementary collisions the sensitivity of the
K0/K+ ratio is enhanced as can be seen in Fig. 3 (right panel) where the
evolution of the isotopic kaon ratio as a function of beam energy is shown for
different assumptions on the symmetry energy. The ratio K0/K+ is getting
larger with the stiffness of Esym(ρ).

Also the isotopic yield ratio of pions (i.e. π−/π+) produced in heavy ion
reactions is also strongly depending on the N/Z of the colliding system. This
effect was measured the first time at the LBL in Berkeley and confirmed re-
cently by the FOPI collaboration: Pion production in symmetric collisions
systems at incident energies ranging from 0.4 to 1.5 AGeV have been mea-
sured. At high beam energies the π−/π+ exhibit a linear (N/Z) dependence
which is changing to a (N/Z)2 at the lowest beam energies investigated, see
Fig. 4.
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Figure 4: Left panel: π−/π+ for Au+Au collisions as a function of N/Z for two
different beam energies from [9]. The dashed lines are polynomial fits to the data
(polynomials of first order at 1500 AMeV and second order at 400 AMeV). The
full lines are predictions from the IQMD transport code [10]. Right panel: π−/π+

for Au+Au collisions as a function of beam energy. The dashed and full lines are
IQMD predictions using a soft (dashed line) or stiff (full line) symmetric EOS.

Within an isospin and momentum dependent transport approach it was
claimed that an agreement with these data is obtained when a very soft
Esym(ρ) is employed [11], another transport calculation is reaching the oppo-
site conclusion [12]. The possible origin of these discrepancies are discussed
in [3], and may be connected with threshold effects in the pion production
and the momentum dependence of self energy of the relevant particles (n, p,
Δ etc.). The authors emphasize that it is important to measure neutron and
proton emission together with the pion production channel to gain control
on those effects.

Neutron and proton emission has been measured by a combination of the
LAND neutron detector with a part of the FOPI set-up [13]. The LAND
detector allows for the detection of neutrons and light charged particles
simultaneously, and FOPI was utilized to reconstruct the reaction plane and
the impact parameter to investigate directed and elliptic flow of neutrons.
In Fig. 5 results of this experiment are shown for the ratio of differential
elliptic flow parameters v2 as a function of transverse momentum for semi-
central Au+Au collisions and compared with predictions of the UrQMD
transport model [14]. The errors bars of the experimental data are quite
large and mainly of statistical origin. The slope parameter L(ρ0) which is
obtained from the comparison between data and model predictions amounts
to L = 86 ± 15 MeV. Although the error is quite large, a particular soft
or a very stiff density dependence of the symmetry energy is ruled out.
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Figure 5: Ratio of the elliptic flow parameters v2 of neutrons and hydrogens isotopes
for moderately central (b < 7.5 fm) collisions of 197Au + 197Au at 400 AMeV,
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Those findings have been confirmed recently by using a different transport
code [15]. Nevertheless, the statistical significance of the data is rather
insufficient and there was an attempt to remeasure neutron/proton flow in
Au+Au collisions at an incident energy Ebeam = 400 AMeV by the ASYEOS
collaboration [16].

Another observable predicted to be sensitive to Esym(ρ) is the directed
and elliptic flow of t and 3He [1]. Both have been measured by the FOPI
collaboration for Au+Au collisions between 0.4 and 1.5 AGeV [17]. Elliptic
flow data as a function of normalized rapidty for t and 3He at two different
incident energies are shown in Fig. 6. At low energies elliptic flows of t and
3He are nearly equal but they develop differences at higher energies. The
elliptic flow value v2 of t is larger at mid-rapidity and when plotted as a func-
tion of rapidity it develops a bell shaped form which is more compact than
the one of 3He. UrQMD predictions are on average describing the measured
data well, but the model calculations predict nearly the same elliptic flow for
t and 3He independent on the beam energy and - more over - independent
on Esym(ρ). Obviously, the symmetry energy is not the only factor which
influences the flow patterns of isotopic partners emitted in heavy ion reac-
tions. More systematic comparisons to state-of-the-art model calculations
and experimental data are needed to elucidate the different contributions.
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[17] together with the results of UrQMD for two different Esym(ρ) [14]. Right panel:
Same but for Ebeam = 1500 AMeV.

Summary and conclusions

Symmetry effects are very small, because the contribution of the symme-
try energy enters with a factor δ2 into the equation of the state of nuclear
matter. Since δ is rather small even for the most neutron rich stable iso-
topes it is evident that those studies have to be extended to radioactive
beams with enhanced neutron-proton asymmetry. Experimental facilities,
e.g. MSU/FRIB, GANIL/SPIRAL2, and FAIR/SFRS, will become avail-
able in the near future, which allow further studies of the symmetry energy
by different experimental methods.

Very few experimental constraints exist on the symmetry energy at
supra-saturation densities and above. This is the domain with the great-
est theoretical uncertainties and the largest impact on the understanding
of neutron stars. The behavior of the symmetry energy at supra-saturation
densities can only be explored in terrestrial laboratories by using relativistic
heavy ion collisions of isospin asymmetric nuclei. Several potentially useful
experimental observables which are — according to models — sensitive to
the behavior of the symmetry energy at supra-saturation densities have been
identified. It is likely that consistent measurements of all of these will be
necessary to provide definitive constraints on the symmetry energy.
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