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Abstract：We summarize the current available constraints on the density dependence of the symmetry

energy obtained from terrestrial laboratory measurements and astrophysical observations. While the

magnitude Esym(ρ0) and density slope L of the symmetry energy at saturation density ρ0 can vary

largely depending on the data or analysis methods, all the available constraints are in agreement with

Esym(ρ0) = (32.5±2.5) MeV and L= (55±25) MeV. The determination of the high density behaviors

of the symmetry energy remains a big challenge.
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1 Introduction

In the current research frontiers of nuclear

physics and astrophysics, there is of great interest

to determine the density dependence of the nuclear

symmetry energy Esym(ρ) that essentially character-

izes the isospin dependent part of the equation of

state (EOS) of asymmetric nuclear matter. The ex-

act knowledge on the symmetry energy is critically

important for understanding not only a number of

questions in nuclear physics, such as the structure

of radioactive nuclei, the reaction dynamics induced

by rare isotopes, the liquid-gas phase transition in

asymmetric nuclear matter, and the isospin depen-

dence of QCD phase diagram, but also many in-

teresting issues such as the properties of neutron

stars and the explosion mechanism of supernova in

astrophysics
[1–8]

. The symmetry energy may also in-

volve some interesting issues regarding possible new

physics beyond the standard model
[9–11]

. During

the last decade, although significant progress has

been made both experimentally and theoretically on

constraining the density dependence of the symme-

try energy
[2–8]

, mainly based on the data analysis

from terrestrial laboratory measurements and astro-

physical observations, large uncertainties on Esym(ρ)

still exist, especially its high density behavior re-

mains largely uncertain
[12–15]

. To more accurately

determine the density dependence of the nuclear

symmetry energy thus provides a strong motivation

for studying isospin nuclear physics in radioactive

nuclei at the new/planning rare isotope beam fa-

cilities around the world, such as CSR/IMP and

BRIF-II/CIAE in China, RIBF/RIKEN in Japan,

SPIRAL2/GANIL in France, FAIR/GSI in Ger-

many, FRIB/NSCL and T-REX/TAMU in USA,

SPES/LNL in Italy, and RAON in Korea.
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Based on a previous report
[16]

, in the present pa-

per, we revise and update the current status on con-

straining the density dependence of the symmetry en-

ergy from the analysis of terrestrial laboratory mea-

surements and astrophysical observations, mainly in-

cluding nuclear reactions, nuclear structures, and the

properties of neutron stars. In particular, we will fo-

cus on heavy ion collisions, nuclear optical model po-

tential, nuclear mass, nuclear neutron skin thickness

and pygmy dipole resonance, the mass and radius of

neutron stars, and the crust oscillations and r-mode

instability of neutron stars.

2 The symmetry energy

The EOS of isospin asymmetric nuclear matter,

defined by its binding energy per nucleon, can be

expanded to 2nd-order in isospin asymmetry δ as

E(ρ,δ)=E0(ρ)+Esym(ρ)δ2+O(δ4) , (1)

where ρ= ρn+ρp is the baryon density with ρn and

ρp denoting the neutron and proton densities, respec-

tively; δ=(ρn−ρp)/(ρp+ρn) is the isospin asymme-

try; E0(ρ) = E(ρ,δ = 0) is the binding energy per

nucleon in symmetric nuclear matter, and the sym-

metry energy is expressed as

Esym(ρ)=
1

2!

∂2E(ρ,δ)

∂δ2
∣∣∣
δ=0

. (2)

Neglecting the contribution from higher-order terms

in Eq. (1) leads to the well-known empirical para-

bolic law for the EOS of asymmetric nuclear mat-

ter, which has been verified by all many-body the-

ories to date, at least for densities up to moderate

values
[5, 17]

. As a good approximation, therefore, the

density-dependent symmetry energy Esym(ρ) can be

extracted from the parabolic approximation as

Esym(ρ)≈E(ρ,δ=1)−E(ρ,δ=0) . (3)

Around the saturation density ρ0, the nuclear

symmetry energy Esym(ρ) can be expanded, e.g., up

to 2nd-order in density, as

Esym(ρ)=Esym(ρ0)+Lχ+
Ksym

2!
χ2+O(χ3) , (4)

where χ = (ρ−ρ0)/3ρ0 is a dimensionless variable

characterizing the deviations of the density from ρ0,

and L and Ksym are the slope parameter and curva-

ture parameter, respectively, i.e.,

L=3ρ0
dEsym(ρ)

∂ρ

∣∣∣
ρ=ρ0

, (5)

Ksym =9ρ20
d2Esym(ρ)

∂ρ2
∣∣∣
ρ=ρ0

. (6)

3 The symmetry energy around

the saturation density

During the last decade, a number of experimen-

tal probes have been proposed to constrain the den-

sity dependence of the symmetry energy. Most of

them are for the symmetry energy around the satu-

ration density while a few of probes are for the supra-

saturation density behaviors. In this section, we sum-

marize the current status on constraining the sym-

metry energy around the saturation density, mainly,

the parameters Esym(ρ0) and L, from nuclear reac-

tions, nuclear structures, and the properties of neu-

tron stars.

3.1 Nuclear reactions

Nuclear reactions, mainly including heavy ion

collisions and nucleon-nucleus scattering, provide an

important tool to explore the density dependence of

the symmetry energy.

3.1.1 Heavy ion collisions

One important progress on constraining the

density dependence of the symmetry energy is

from the isospin dependent Boltzmann-Uehling-

Uhlenbeck (IBUU04) transport model analysis
[18]

on

the isospin diffusion data from NSCL-MSU
[19]

. It is

found that the degree of isospin diffusion in heavy-

ion collisions is affected by both the stiffness of the

nuclear symmetry energy and the momentum de-

pendence of the nucleon potential. Using a momen-

tum dependence derived from the Gogny effective

interaction and the corresponding isospin dependent

in-medium nucleon-nucleon scattering cross sections,

the experimental data from NSCL-MSU on isospin

diffusion in collisions at E/A = 50 MeV involv-

ing 112Sn and 124Sn nuclei leads to a constraint of

L=(86±25) MeV with Esym(ρ0)= 30.5 MeV
[18, 20]

,

which is shown as a solid square with error bar la-

beled “Iso. Diff. (IBUU04, 2005)” in Fig. 1. It
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should be mentioned that the constraint in the orig-

inal publication
[18, 20]

is L = (88 ± 25) MeV and

Esym(ρ0) = 31.6 MeV, due to the application of the

parabolic approximation Eq. (3) for the symmetry

energy. This constraint is significantly softer than

the prediction by transport model simulation with

momentum-independent interaction
[19]

and in agree-

ment with microscopic theoretical calculations.

Fig. 1 (color online) Constraints on Esym(ρ0) and

L from heavy ion collisions and nuclear optical

model potentials. See text for details.

Another progress is from the analysis of the

isoscaling of the fragment yields in heavy ion

collisions, which has been shown to be a good

probe of the symmetry energy
[21]

. By analyzing the

isoscaling of the fragment yields in Ar+Fe/Ca+Ni,

Fe+Fe/Ni+Ni, Ar+Ni/Ca+Ni, and Fe+Ni/Ni+Ni

reactions at Fermi energy region, within the antisym-

metrized molecular dynamic (AMD) model, a extrac-

tion of Esym(ρ0) = 31.6 MeV and L = 65 MeV has

been obtained in Ref. [22], which is denoted by a

solid star with a label “Isoscaling (2007)” in Fig. 1.

In heavy ion collisions, the double ratios of neu-

tron and proton energy spectra also provide a good

probe of the symmetry energy. An improved quan-

tum molecular dynamics (ImQMD) transport model

analysis
[23]

of the isospin diffusion data from two dif-

ferent observables and the ratios of neutron and pro-

ton spectra in collisions at E/A = 50 MeV involv-

ing 112Sn and 124Sn nuclei has led to a constraint

on Esym(ρ0) and L at 95% confidence level, corre-

sponding to 2 standard deviations from the mini-

mum χ2. This constraint is denoted by the region

between two solid lines with a label “Iso. Diff. &

double n/p (ImQMD, 2009)” in Fig. 1. A more re-

cent ImQMD model analysis
[24]

of the isospin diffu-

sion data from heavy ion collisions at lower incident

energy (E/A = 35 MeV) involving 112Sn and 124Sn

nuclei has led to a constraint of Esym(ρ0) = 30.1

MeV and L = 51.5 MeV, which is shown by solid

up-triangle with a label “Iso. Diff. (2010)” in Fig. 1.

The isospin effects of fragment transverse flows

in heavy ion collisions provide another useful probe

for extracting information on the symmetry energy.

In a recent work
[25]

, the transverse flow of intermedi-

ate mass fragments (IMFs) has been investigated for

the 35 MeV/u 70Zn +70Zn, 64Zn + 64Zn, and 64Ni

+ 64Ni systems. The analysis based on the AMD

model with the GEMINI code treatment for statis-

tically de-excitation of the hot fragments leads to

a constraint Esym(ρ0) = 30.5 MeV and L=65 MeV,

which is shown by solid diamond with a label “Trans.

Flow (2010)” in Fig. 1.

3.1.2 Nucleon optical potential

Experimentally, there have accumulated a lot

of data for elastic scattering of proton (and neu-

tron) from different targets at different beam en-

ergies and (p,n) charge-exchange reactions between

isobaric analog states. These data provide the pos-

sibility to extract information on the isospin depen-

dence of the nucleon optical potential, especially the

energy dependence of the nuclear symmetry poten-

tial. Based on the Hugenholtz-Van Hove theorem,

it has been shown recently
[26–29]

that both Esym(ρ0)

and L can be completely and analytically determined

by the nucleon optical potentials. Averaging all nu-

clear symmetry potentials constrained by world data

available in the literature since 1969 from nucleon-

nucleus scatterings, (p,n) charge-exchange reactions,

and single-particle energy levels of bound states, the

constraint Esym(ρ0) = (31.3± 4.5) MeV and L =

(52.7± 22.5) MeV are simultaneously obtained
[26]

,

and this constraint is indicated by the gray band

with a label “Opt. Pot. (2010)” in Fig. 1.

More recently, using the available experimental

data from neutron-nucleus scatterings[30−31], a new
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set of the global isospin dependent neutron-nucleus

optical model potential parameters, which include

the nuclear symmetry potential up to the second

order in isospin asymmetry for the first time, has

been obtained. Based on this new global isospin

dependent neutron-nucleus optical model potential

parameters, the constraint Esym(ρ0)= (37.24±2.26)

MeV and L = (44.98± 22.31) MeV are simultane-

ously obtained
[31]

, and this constraint is shown by a

square box with dashed-line sides labeled “n-A OMP

(2013)” in Fig. 1.

3.2 Nuclear structures

In recent years, more and more constraints on

the symmetry energy around saturation density have

been obtained from the analyses of nuclear struc-

ture properties, such as the nuclear mass (ground

state binding energy), the neutron skin thickness,

the nuclear isobaric analog state energies, and pygmy

dipole resonances. We summarize these constraints

in the following.

3.2.1 Nuclear mass

The data of nuclear mass are probably the most

accurate, richest, and least ambiguous in the nuclear

data library. The Thomas-Fermi model analysis
[32]

of 1654 ground state mass of nuclei with N,Z > 8 has

given rise to Esym(ρ0) = 32.65 MeV and L = 49.9

MeV, which is shown by solid star with a label

“TF+Nucl. Mass (1996)” in Fig. 2.

Fig. 2 (color online) Constraints on Esym(ρ0) and L

from nuclear mass and isobaric analog state. See

text for details.

The symmetry energy coefficients asym(A) of fi-

nite nuclei with mass numbers A = 20 ∼ 250 were

determined from more than 2000 precisely measured

nuclear masses
[33]

. With the semiempirical connec-

tion between asym(A) and the symmetry energy at

reference densities ρA, i.e., Esym(ρA)≈ asym(A), and

assuming a symmetry energy with density depen-

dence of Esym(ρ) = Esym(ρ0)(ρ/ρ0)
γ , Liu et al.

[33]

obtained a constraint at 95% confidence level shown

as a parallelogram with dashed-line sides in Fig. 2,

labeled “Nucl. Mass (2010)”.

Within the Skyrme-Hartree-Fock (SHF) ap-

proach, it has been shown recently that a value

of Esym(ρA) at a subsaturation reference den-

sity ρA leads to a positive linear correlation be-

tween Esym(ρ0) and L
[34]

. Using recently extracted

Esym(ρA =0.1 fm−3) ≈ asym(A = 208) = 20.22 ∼
24.74 MeV at 95% confidence level from more than

2000 measured nuclear masses, Chen
[34]

obtained a

constraint denoted by the gray band with a label

“Esym(ρA =0.1 fm−3)(2011)” in Fig. 2.

The finite-range droplet model (FRDM) has

been shown to be very successful to describe the

nuclear ground state mass. The parameters in the

macroscopic droplet part of the FRDM are related

to the properties of the equation of state. Using the

new, more accurate FRDM-2011a version, Moller et

al.
[35]

analyzed the nuclear mass of the 2003 Atomic

Mass Evaluation (AME2003), and obtained the con-

straint Esym(ρ0)= (32.5±0.5) MeV and L=(70±15)

MeV shown as a square box bounded by dash-dotted

lines in Fig. 2, labeled “FRDM (2012)”.

In a recent work
[36]

, Lattimer and Lim used

the confidence ellipse method for nuclear mass fit-

ting. Based on a SHF energy-density functional for

nuclear masses, they obtained a 95% confidence el-

lipse for the Esym(ρ0)−L constraints shown by the

dash-dot-dotted lines in Fig. 2, labeled “Nucl. Mass

(2012)”.

In addition, using some precise empirical values

of the nuclear volume and surface symmetry energy

coefficients and the nuclear saturation density, i.e.,

Esym(ρ0)= (32.10±0.5) MeV and Cs =(58.91±1.08)

MeV
[37]

as well as ρ0 =(0.155±0.008) fm−3, Agrawal

et al.
[38]

extracted a value of L=(59±13) MeV shown
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as a square box bounded by short-dashed lines in

Fig. 2, labeled “Surf. Sym. (2013)”.

3.2.2 Nuclear isobaric analog state energies

The nuclear isobaric analog state (IAS) ener-

gies are believed to provide a particularly clean and

useful probe of the symmetry energy since the am-

biguities in the determination of the symmetry en-

ergy of finite nuclei from binding energies caused by

the Coulomb term can be removed
[39]

. By fitting

the available data on the IAS and using the droplet

surface symmetry energy, Danielewicz and Lee
[40]

obtained the constraint shown as a parallelogram

bounded by solid lines in Fig. 2, labeled “IAS+LDM

(2009)”.

3.2.3 Neutron skin thickness

Theoretically, it has been established
[20, 41]

that

the neutron skin thickness of heavy nuclei, given by

the difference of their neutron and proton root-mean-

squared radii, provides a good probe of Esym(ρ).

Based on the droplet model, Centelles et al.
[42]

an-

alyzed the neutron skin sizes measured in 26 an-

tiprotonic atoms along the mass table, and they ob-

tained the constraint Esym(ρ0) = 28 ∼ 35 MeV and

L=30∼ 80 MeV shown as a square box bounded by

dashed lines in Fig. 3, labeled “DM+N-Skin (2009)”.

Fig. 3 (color online) Constraints on Esym(ρ0) and L

from nuclear neutron skin thickness and pygmy

dipole resonance. See text for details.

Using a new correlation analysis method within

the microscopic SHF approach, Chen et al.
[43]

ana-

lyzed the neutron skin thickness of Sn isotopes, and

they obtained a set of constraints corresponding to

95% confidence levels, shown as a gray band in Fig. 3,

labeled “SHF+N-Skin (2010)”.

3.2.4 Pygmy dipole resonance

The experimentally observed pygmy dipole (E1)

strength might play an equivalent role as the neutron

rms radius in constraining the symmetry energy
[44]

.

Excess neutrons forming the skin give rise to pygmy

dipole transitions at excitation energies below the

giant dipole resonance, and such transitions could

represent a collective vibration of excess neutrons

against an isospin symmetric core. Comparing the

measured pygmy dipole strength in 130,132Sn to

that obtained within a relativistic mean-field ap-

proach, Klimkiewicz et al.
[45]

obtained the constraint

Esym(ρ0) = 30.2 ∼ 33.8 MeV and L = 28.1 ∼ 58.1

MeV shown as a square box bounded by solid lines

in Fig. 3, labeled “PDR (2007)”. Another analy-

sis by Carbone et al.
[46]

on the measured pygmy

dipole strength in 68Ni and 132Sn within the relativis-

tic and non-relativistic mean-field approaches leads

to the constraint Esym(ρ0) = 31.0 ∼ 33.6 MeV and

L=49.1∼ 80.5 MeV shown as a square box bounded

by dash-dotted lines in Fig. 3, labeled “PDR (2010)”.

3.3 The properties of neutron stars

In recent years, more and more constraints on

the symmetry energy have been available from the

analyses of astrophysical observations on the proper-

ties of neutron stars, such as the mass and radius of

neutron stars, the gravitational binding energy, crust

oscillations and r-mode instability of neutron stars.

We summarize these constraints in the following.

3.3.1 Mass and radius of neutron stars

Astrophysical observations of neutron star

masses and radii provide important probe for the

EOS of neutron-rich matter. In particular, neutron

star radii have been found to strongly correlate

with neutron matter pressures around the saturation

density
[47]

.

Based on a heterogeneous data set of six neu-

tron stars and using a Markov chain Monte Carlo al-

gorithm within a Bayesian framework, together with

the assumption that the interaction part of the sym-

metry energy has the density dependence of (ρ/ρ0)
γ ,
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Steiner, Lattimer, and Brown
[48]

obtained the 1σ un-

certainty constraint Esym(ρ0)= 28.1∼ 34.4 MeV and

L= 40.7∼ 55.4 MeV if rph ≫R is assumeed (rph is

the photospheric radius at the time the flux is evalu-

ated, and R is the stellar radius), which is shown as

a square box bounded by solid lines in Fig. 4, labeled

“NS-MR-SLB-a (2010)”. If rph = R is assumed, the

constraint then changes to Esym(ρ0) = 28.7 ∼ 37.1

MeV and L = 41.0 ∼ 71.4 MeV shown as a square

box bounded by dashed lines in Fig. 4, labeled “NS-

MR-SLB-b (2010)”.

Fig. 4 (color online) Constraints on Esym(ρ0) and L

from mass and radius of neutron stars. See text

for details.

In a recent work
[49]

, Steiner and Gandolfi

demonstrated that currently available neutron star

mass and radius measurements provide a signifi-

cant constraint on the EOS of pure neutron matter.

Using a phenomenological parametrization for EOS

of neutron matter near and above the saturation

density with partial parameters determined by the

quantum Monte Carlo calculations, they obtained

a constraint of Esym(ρ0) = 31.2 ∼ 34.3 MeV and

L = 36 ∼ 55 MeV at 95% confidence level based on

Bayesian analysis
[6, 49]

, and this constraint is shown

as a square box bounded by dash-dotted lines in

Fig. 4, labeled “NS-MR-SG (2012)”. More recently,

Lattimer and Lim
[36]

performed a similar Bayesian

analysis of the available neutron star mass and ra-

dius measurements, they obtained a constraint of

Esym(ρ0) = 29.0 ∼ 32.7 MeV and L = 40.5 ∼ 61.9

MeV shown as a square box bounded by short-

dashed lines in Fig. 4, labeled “NS-MR-LL (2013)”.

In addition, based on recent observations of

both transiently accreting and bursting sources and

using the Bayesian analysis, Steiner, Lattimer, and

Brown
[50]

more recently obtained the constraint L=

43.3 ∼ 65.5 MeV to 68% confidence and L = 41.1 ∼
83.4 MeV to 95% confidence for L alone as their

analysis cannot place effective constraints on the

Esym(ρ0), and they are shown as gray band (labeled

“NS-MR-SLB-2σ (2013)”) and slanted-line band (la-

beled “NS-MR-SLB-1σ (2013)”), respectively, in

Fig. 4.

3.3.2 The gravitational binding energy,

crust oscillations and r-mode instabil-

ity of neutron stars

Besides neutron star mass and radius, other

properties of neutron stars such as the gravitational

binding energy, crust oscillations and r-mode insta-

bility, may also put constraints on the symmetry

energy
[51]

.

Indeed, Newton and Li
[52]

have demonstrated

that the gravitational binding energy of a neutron

star for a given mass is correlated with the slope of

the nuclear symmetry energy around the nuclear sat-

uration density. By analyzing the double pulsar bi-

nary system PSR J0737-3039B, and assuming that

it comes from an electron capture supernova, they

obtained a constraint of L 6 70 MeV
[52]

shown by

a solid line with an arrow indicating the direction

of the bound in Fig. 5, labeled “NS grav. binding

energy (Newton & Li, 2009)”).

Steiner and Watts
[53]

have shown that the

fundamental seismic shear mode, observed as a

quasiperiodic oscillation in giant flares emitted by

highly magnetized neutron stars, is particularly sen-

sitive to the nuclear physics of the crust. Since the

properties of neutron star crust are sensitive to the

density dependence of the symmetry energy (See,

e.g., Ref. [54]), the crust oscillations of neutron stars

provide a unique probe of the symmetry energy
[55]

.

Indeed, Sotani et al.
[56]

have general-relativistically

calculated the frequency of fundamental torsional os-

cillations of neutron star crusts, and found that the

calculated frequency is sensitive to the density depen-
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dence of the symmetry energy, but almost indepen-

dent of the incompressibility of symmetric nuclear

matter. By identifying the lowest-frequency quasi-

periodic oscillation in giant flares observed from soft

gamma-ray repeaters as the fundamental torsional

mode and allowing for the dependence of the cal-

culated frequency on stellar models, they obtained

a constraint of L > 50 MeV
[56]

shown by a dashed

line with an arrow indicating the direction of the

bound in Fig. 5, labeled “NS crust osc. (Sotani et al.,

2012)”. In a sequent work, Sotani et al.
[57]

consid-

ered the effects of superfluidity of dripped neutrons

in the crust of a neutron star on the frequencies of the

crust’s fundamental torsional oscillations, and they

obtained a new constraint L = 100 ∼ 130 MeV
[57]

shown by a band with slanted line in Fig. 5, labeled

“NS crust osc. (a) (Sotani et al., 2013)”. A similar

constraint L=101.1∼ 131.0 MeV (not shown in Fig.

5) has been obtained more recently by Sotani et

al.
[58]

from a systematical study on the fundamental

frequencies of shear torsional oscillations in neutron

star crusts. Alternatively, if only the second lowest

frequency observed in SGR 1 806.20 has a different

origin, they obtained another constraint L= 58.1∼
85.3 MeV

[58]
shown by the gray band in Fig. 5, la-

beled “NS crust osc. (b) (Sotani et al., 2013)”.

Fig. 5 (color online) Constraints on Esym(ρ0) and L

from the gravitational binding energy, crust oscil-

lations and r-mode instability of neutron stars.

The arrows indicate the direction of the bound. See

text for details.

The r-mode instability provides a possible mech-

anism to limit neutron star spin-up and thus explains

why the observed maximum rotation frequency of

known pulsar is only 716 Hz, significantly less than

the Kepler frequency (beyond which material will

be ejected from the equator of the star) of about

2 000 Hz or above predicted by conventional neutron

star models. The onset of the r-mode instability is

essentially determined by the competition between

the core viscosity which damps the mode, and the

driving force caused by the gravitational radiation.

Usually the r-mode amplitude is largest at the crust-

core boundary which is essentially controlled by the

symmetry energy (i.e., the L parameter). Therefore,

the r-mode instability window is sensitive to the sym-

metry energy. Indeed, using a consistent description

of the crust-core transition density and the core EOS,

Wen et al.
[59]

have explored the L parameter depen-

dence of the r-mode instability window, and they

obtained a constraint L 6 65 MeV to be consistent

with the observed pulsars in low-mass X-ray binaries

(LMXBs), shown by a dash-dotted line with an ar-

row indicating the direction of the bound in Fig. 5,

labeled “NS r-mode instab. (Wen et al., 2012)”). On

the other hand, using a similar analysis, Vidana
[60]

also obtained a constraint of L> 50 MeV, shown by a

dashed line with an arrow indicating the direction of

the bound in Fig. 5, labeled “NS r-mode instab. (Vi-

dana, 2012)”). As pointed out by Newton et al.
[51]

,

the difference between these two constraints could be

due to the fact that the latter takes into account vis-

cous dissipation throughout the whole core while the

former takes only at the crust-core boundary layer.

Moreover, the latter does not consistently calculate

the neutron star core and crust together, and the

radius is varied independently of both, even though

the radius strongly correlated with crust thickness

and core composition.

3.4 Discussions

In Figs. 1∼ 5, we have included totally 30 con-

straints on L and Esym(ρ0), in particular, 5 from

heavy ion collisions, 2 from optical model potential,

6 from nuclear mass, 1 from isobaric analog state en-

ergies, 2 from nuclear neutron skin thickness, 2 from

nuclear pygmy dipole resonance, 6 from mass and
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radius of neutron stars, 1 from gravitational binding

energy of neutron stars, 3 from crust oscillations of

neutron stars, and 2 from the r-mode instability of

neutron stars. Obviously, it cannot be that all the

constraints are equivalently reliable since some con-

straints do not have any overlap.

It should be emphasized that the symmetry en-

ergy cannot be directly measured experimentally and

each constraint shown in Figs. 1 ∼ 5 have been ob-

tained within a certain theoretical model with some

approximations or special assumptions, and thus the

model dependence of the constraints is unavoidable.

To better understand the model dependence of the

constraints and reduce the uncertainties is thus of

critical importance.

Fig. 6 (color online) Contour curves in the Esym(ρ0)

-L plane for Esym(ρ=0.1 fm−3) from SHF calcu-

lations.

The region between the two thick solid lines rep-

resents the constraint obtained with 20.22 MeV

6 Esym(ρA = 0.10 fm−3) 6 24.74 MeV while the

region between the two thick dashed lines is the

constraint from the SHF analysis of neutron skin

data of Sn isotopes within a 2σ uncertainty [43].

The shaded region represents the overlap of the two

constraints. Taken from Ref. [34].

We would like to highlight two constraints de-

scribed above, i.e., “Esym(ρA =0.1 fm−3)(2011)” in

Fig. 2 and “SHF+N-Skin (2010)” in Fig. 3 since

both constraints have been obtained within the same

theoretical framework of SHF with 95% confidence.

The two constraints are re-plotted in Fig. 6. It is

very interesting to see that while the constraint

“Esym(ρA =0.1 fm−3)(2011)” indicates a linear pos-

itive correlation between L and Esym(ρ0), the con-

straint “SHF+N-Skin (2010)” displays a negative

correlation. Actually, only the constraint “SHF+N-

Skin (2010)” among the 30 constraints described

above displays such negative correlation. This inter-

esting feature makes the constraint “SHF+N-Skin

(2010)” particularly important as combing it with

other constraints will significantly improve the con-

straint on L and Esym(ρ0) simultaneously. It is in-

teresting to see that the overlap of “SHF+N-Skin

(2010)” and “Esym(ρA =0.1 fm−3)(2011)” is consis-

tent with all the other constraints described above

except “IAS+LDM (2009)”. The latter neglected

the higher-order density curvature contribution of

the symmetry energy and its inclusion may reduce

the L value
[36]

(See also Ref. [34]).

The positive correlation between L and

Esym(ρ0) from “Esym(ρA =0.1 fm−3)(2011)” has

been clearly demonstrated in Ref. [34] where it has

been shown that a fixed value for the magnitude

of the symmetry energy at a subsaturation den-

sity will lead to a positive correlation between L

and Esym(ρ0). This feature implies that nuclear

mass fitting should lead to positive correlation be-

tween L and Esym(ρ0) since Esym(ρA =0.1 fm−3)

essentially reflects the symmetry energy part of

medium and heavy nuclei, which is further demon-

strated by the nice agreement between the con-

straints “Esym(ρA =0.1 fm−3)(2011)” and “Nucl.

Mass(2012)” as shown in Fig. 2.

The negative correlation between L and

Esym(ρ0) from “SHF+N-Skin (2010)” can be under-

stood from the fact that the neutron skin thickness

is physically related to the neutron and proton pres-

sure difference at sub-saturation density correspond-

ing to the characteristic (average) density of finite

nuclei, which is essentially controlled by the density

slope of symmetry energy at sub-saturation density

(rather than L at saturation density). Indeed, Zhang

and Chen
[61]

recently demonstrated that the neutron

skin thickness of heavy nuclei is uniquely fixed by

the symmetry energy density slope L(ρ) at a sub-

saturation cross density ρc ≈ 0.11 fm−3 rather than

at saturation density. Furthermore, they found that
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a fixed value of L(ρc) leads to a negative Esym(ρ0)-

L(ρ0) correlation
[61]

, providing an explanation why

the data of neutron skin thickness alone leads to neg-

ative correlation between L and Esym(ρ0).

From Figs. 1 ∼ 5, one can see that while

Esym(ρ0) and L can vary largely depending on the

data or methods, all the constraints are consistent

with Esym(ρ0) = (32.5±2.5) MeV and L= (55±25)

MeV. At this point, it should be mentioned that

Esym(ρ0) and L have also been extracted from the

EOS of pure neutron matter obtained from chiral

effective field theory calculations[62−63] and quan-

tum Monte Carlo techniques[64−65] with realistic

two- and three-nucleon interactions. The advantage

of such microscopic calculations for the EOS of pure

neutron matter is that the uncertainties can be esti-

mated and controlled. It is interesting to note that

the extracted Esym(ρ0) and L from chiral effective

field theory calculations[62−63] and quantum Monte

Carlo techniques
[64]

are nicely in agreement with the

center values of Esym(ρ0) = (32.5± 2.5) MeV and

L=(55±25) MeV.

It should be also mentioned that the center val-

ues of Esym(ρ0)= (32.5±2.5) MeV and L=(55±25)

MeV, are further in agreement with the most recent

analysis of the existing data on neutron skin thick-

ness of Sn isotopes and the binding energy difference

for a number of heavy isotope pairs within the SHF

approach
[61]

, the analysis of the isospin diffusion,

n/p ratio and double n/p ratio in hevay ion collisions

with a new version of ImQMD based on a full Skyrme

energy density functional
[66]

, and the isobaric analog

state energies together with the measurement of neu-

tron skin thickness of 48Ca and 207,208Pb[67−68].

4 The symmetry energy at supra-

saturation densities

While significant progress has been made on con-

straining the symmetry energy around the satura-

tion density, the high density behavior of the sym-

metry energy remains elusive and largely controver-

sial. FOPI data on the π−/π+ ratio in central heavy-

ion collisions at SIS/GSI energies favor a quite soft

symmetry energy at ρ> 2ρ0 from the isospin and mo-

mentum dependent IBUU04 model analysis
[12]

while

an opposite conclusion has been obtained from the

improved isospin dependent quantum molecular dy-

namics (ImIQMD) model analysis
[13]

. A more re-

cent analysis of FOPI data on the π−/π+ ratio based

on the isospin dependent Boltzmann–Langevin ap-

proach
[69]

indicated a quite soft symmetry energy

at ρ> 2ρ0, consistent with the IBUU04 model analy-

sis. It should be mentioned that the ImIQMD model

analysis did not consider the energy dependent sym-

metry potential and it cannot explain qualitatively

the isospin fractionation phenomenon observed in

heavy ion collisions[70−71]. A further careful check

is definitely necessary to understand the model de-

pendence. Recently, Xu et al.
[72]

studied the pion

in-medium effect on the charged-pion ratio in heavy-

ion collisions at various energies within the frame-

work of a thermal model with its parameters fitted

to the results from an isospin-dependent BUU trans-

port model, and they found that the pion in-medium

effects reduce the π−/π+ ratio in high-energy heavy-

ion collisions compared to that using free pions, es-

pecially at lower incident energies. Therefore, to

understand quantitatively the symmetry energy ef-

fect on pion production in heavy-ion collisions, it is

important to include the isospin-dependent pion in-

medium effects, although this is highly nontrivial in

the transport model.

By analyzing the elliptic-flow ratio of neutrons

with respect to protons or light complex particles

from the existing FOPI/LAND data for 197Au +
197Au collisions at 400 MeV/u within the UrQMD

model, Russotto et al.
[14]

obtained a moderately

soft symmetry energy with a density dependence

of the potential term proportional to (ρ/ρ0)
γ with

γ = 0.9± 0.4. In a more recent work, Cozma et

al.
[73]

analyzed the experimental FOPI/LAND data

of neutron-proton elliptic flow difference and ratio

for 197Au + 197Au collisions at 400 MeV/u within

the Tubingen QMD model by using a parametriza-

tion of the symmetry energy derived from the mo-

mentum dependent Gogny force, they extracted a

moderately stiff symmetry energy.

Besides using heavy ion collisions to constrain

the supra-saturation density behavior of the symme-
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try energy, it has been also proposed recently
[74]

that

the three bulk characteristic parameters Esym(ρ0),

L and Ksym essentially determine the symmetry en-

ergy with the density up to about 2ρ0. This opens a

new window to constrain the supra-saturation den-

sity behavior of the symmetry energy from its precise

knowledge around saturation density.

5 Summary

Significant progress has been made both ex-

perimentally and theoretically on constraining the

density dependence of the symmetry energy after

more than one decade of studies in the commu-

nity. We have summarized the existing constraints

on the density dependence of the symmetry energy,

especially its magnitude Esym(ρ0) and its density

slope L at saturation density. Although the values

of Esym(ρ0) and L can vary largely depending on

the data or models, all the constraints obtained so

far from nuclear reactions, nuclear structures, and

the properties of neutron stars are consistent with

Esym(ρ0) = (32.5 ± 2.5) MeV and L = (55 ± 25)

MeV. More high quality data and more accurate

theoretical methods are needed to further reduce

the theoretical and experimental uncertainties of

the constraints on Esym(ρ) around the saturation

density. In contrast, the determination of the supra-

saturation density behavior of the symmetry energy

is still largely controversial and remains a big chal-

lenge in the community.
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对称能研究进展

陈列文
1, 2, 1)

( 1. 上海交通大学物理与天文系，上海 200240；

2. 兰州重离子加速器国家实验室原子核理论中心，兰州 730000 )

摘要: 总结了目前基于分析地面实验室以及天文观测数据所得到的关于核物质对称能密度相关性的约束。

结果表明，在核物质饱和密度 ρ0处，关于对称能的大小Esym(ρ0)及其密度梯度参数L的不同具体约束强

烈地依赖于不同的实验数据或理论方法。另一方面，所有存在的约束都和Esym(ρ0) = (32.5± 2.5) MeV以

及L=(55±25) MeV一致。如何确定核物质对称能的高密行为仍然是一个挑战。
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