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NEUTRON STARS

• Produced in supernova explosions ( Type II )

• Compact massive objects, M ~ 1-2 Msolar ,  R ~ 10 km 
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Measurement of neutron star masses : 
Relativistic binaries 

     Keplerian parameters
• Orbital period Pb

• Projected semi-major axis x = (ap sin i) / c
• Orbital eccentricity e
• Longitude of periastron ω
• Epoch of periastron passage T0
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Measurement of neutron star masses : 
Relativistic binaries 

     Keplerian parameters
• Orbital period Pb

• Projected semi-major axis x = (ap sin i) / c
• Orbital eccentricity e
• Longitude of periastron ω
• Epoch of periastron passage T0

     Post-Keplerian Parameters                                                                        .                                                           • Relativistic advance of periastron ω

• Gravitational redshift and time dilation γ      
                                                               .
• Orbital decay change in period Pb

• Shapiro delay range r and shape s
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Fig. 1. Measured neutron star masses. References in parenthesis following source numbers are
identified in Table 1.

Mass measurements

Lattimer and Prakash, arXiv1012.3208
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Lattimer and Prakash, arXiv1012.3208 Demorest et al (Nature 2010)
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Figure 2: Results of the Markov chain Monte Carlo (MCMC) error analysis.
The left panel grayscale shows the 2-D posterior probability density func-
tion (PDF) in the M2-i (companion mass versus orbital inclination) plane
computed from a histogram of MCMC trial values. The ellipses show 1- and
3-σ contours based on a Gaussian approximation to the MCMC results. The
right panel shows the PDF for pulsar mass derived from the MCMC trials.
In both cases the results are very well described by normal distributions due
to the extremely high signal-to-noise ratio of our Shapiro delay detection.
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companion to high precision[3, 4]. Here we present radio timing ob-
servations of the binary millisecond pulsar PSR J1614−2230, which
show a strong Shapiro delay signature. The implied pulsar mass
of 1.97±0.04M! is by far the highest yet measured with such cer-
tainty, and effectively rules out the presence of hyperons, bosons,
or free quarks at densities comparable to the nuclear saturation
density.

In the accepted “lighthouse model” description of radio pulsars, a rapidly
spinning neutron star (NS) with a strong magnetic field (108-1015G) emits a
beam of radiation that is typically misaligned with the spin axis. A broad-
band, polarized pulse of radio emission is observed once per rotation if this
beam crosses the Earth-pulsar line of sight. The extraordinary rotational sta-
bility of pulsars permits the precise measurement of a number of systematic
effects that alter the arrival times of the radio pulses at Earth, a procedure
referred to as pulsar timing. In the case of binary millisecond pulsars, which
are the most stable pulsars with orbital companions, even typically subtle
effects such as the general relativistic Shapiro delay can be revealed by tim-
ing. The Shapiro delay is an increase in light travel time through the curved
space-time near a massive body. In binary pulsar systems that have highly
inclined (nearly edge-on) orbits, excess delay in the pulse arrival times can
be observed when the pulsar is situated nearly behind the companion dur-
ing orbital conjunction. As described by general relativity, the two physical
parameters that characterize the Shapiro delay are the companion mass and
inclination angle. In combination with the observed Keplerian mass function,
the Shapiro delay offers one of the most precise methods to directly infer the
mass of the NS. In turn, any precise NS mass measurement limits the equa-
tions of state (EOS) available to describe matter at supranuclear densities.
The discovery of a NS with mass significantly higher than the typical value
of ∼1.4M! would have a major impact on the allowed NS EOS as well as
additional implications for a wide range of astrophysical phenomena[5].

PSR J1614−2230 was originally discovered in a radio survey of uniden-
tified EGRET gamma-ray sources using the Parkes radio telescope[6]. The
spin period P is 3.15ms, and initial timing with Parkes showed the pulsar to
be in a binary system with an 8.7-day orbital period and a companion of mass
M2 ! 0.4M!. The system was noted as having a higher companion mass
than is typical for fully-recycled (P " 10ms) pulsars, which predominantly
have helium white dwarf (WD) companions with masses of ∼0.1−0.2M!.
Furthermore, the orbital period is shorter than expected given the massive

2

Timing residual as a function of pulsar’s orbital phase

Monte Carlo analysis: Probability density function

Highest mass measurement : J1614-2230
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Mass measurements

Lattimer and Prakash, arXiv1012.3208

Freire et al (Ap. J. 2008)

2.74 ±0.2 Msol
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Figure 2: Results of the Markov chain Monte Carlo (MCMC) error analysis.
The left panel grayscale shows the 2-D posterior probability density func-
tion (PDF) in the M2-i (companion mass versus orbital inclination) plane
computed from a histogram of MCMC trial values. The ellipses show 1- and
3-σ contours based on a Gaussian approximation to the MCMC results. The
right panel shows the PDF for pulsar mass derived from the MCMC trials.
In both cases the results are very well described by normal distributions due
to the extremely high signal-to-noise ratio of our Shapiro delay detection.
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companion to high precision[3, 4]. Here we present radio timing ob-
servations of the binary millisecond pulsar PSR J1614−2230, which
show a strong Shapiro delay signature. The implied pulsar mass
of 1.97±0.04M! is by far the highest yet measured with such cer-
tainty, and effectively rules out the presence of hyperons, bosons,
or free quarks at densities comparable to the nuclear saturation
density.

In the accepted “lighthouse model” description of radio pulsars, a rapidly
spinning neutron star (NS) with a strong magnetic field (108-1015G) emits a
beam of radiation that is typically misaligned with the spin axis. A broad-
band, polarized pulse of radio emission is observed once per rotation if this
beam crosses the Earth-pulsar line of sight. The extraordinary rotational sta-
bility of pulsars permits the precise measurement of a number of systematic
effects that alter the arrival times of the radio pulses at Earth, a procedure
referred to as pulsar timing. In the case of binary millisecond pulsars, which
are the most stable pulsars with orbital companions, even typically subtle
effects such as the general relativistic Shapiro delay can be revealed by tim-
ing. The Shapiro delay is an increase in light travel time through the curved
space-time near a massive body. In binary pulsar systems that have highly
inclined (nearly edge-on) orbits, excess delay in the pulse arrival times can
be observed when the pulsar is situated nearly behind the companion dur-
ing orbital conjunction. As described by general relativity, the two physical
parameters that characterize the Shapiro delay are the companion mass and
inclination angle. In combination with the observed Keplerian mass function,
the Shapiro delay offers one of the most precise methods to directly infer the
mass of the NS. In turn, any precise NS mass measurement limits the equa-
tions of state (EOS) available to describe matter at supranuclear densities.
The discovery of a NS with mass significantly higher than the typical value
of ∼1.4M! would have a major impact on the allowed NS EOS as well as
additional implications for a wide range of astrophysical phenomena[5].

PSR J1614−2230 was originally discovered in a radio survey of uniden-
tified EGRET gamma-ray sources using the Parkes radio telescope[6]. The
spin period P is 3.15ms, and initial timing with Parkes showed the pulsar to
be in a binary system with an 8.7-day orbital period and a companion of mass
M2 ! 0.4M!. The system was noted as having a higher companion mass
than is typical for fully-recycled (P " 10ms) pulsars, which predominantly
have helium white dwarf (WD) companions with masses of ∼0.1−0.2M!.
Furthermore, the orbital period is shorter than expected given the massive

2

Timing residual as a function of pulsar’s orbital phase

Monte Carlo analysis: Probability density function
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3-σ contours based on a Gaussian approximation to the MCMC results. The
right panel shows the PDF for pulsar mass derived from the MCMC trials.
In both cases the results are very well described by normal distributions due
to the extremely high signal-to-noise ratio of our Shapiro delay detection.
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companion to high precision[3, 4]. Here we present radio timing ob-
servations of the binary millisecond pulsar PSR J1614−2230, which
show a strong Shapiro delay signature. The implied pulsar mass
of 1.97±0.04M! is by far the highest yet measured with such cer-
tainty, and effectively rules out the presence of hyperons, bosons,
or free quarks at densities comparable to the nuclear saturation
density.

In the accepted “lighthouse model” description of radio pulsars, a rapidly
spinning neutron star (NS) with a strong magnetic field (108-1015G) emits a
beam of radiation that is typically misaligned with the spin axis. A broad-
band, polarized pulse of radio emission is observed once per rotation if this
beam crosses the Earth-pulsar line of sight. The extraordinary rotational sta-
bility of pulsars permits the precise measurement of a number of systematic
effects that alter the arrival times of the radio pulses at Earth, a procedure
referred to as pulsar timing. In the case of binary millisecond pulsars, which
are the most stable pulsars with orbital companions, even typically subtle
effects such as the general relativistic Shapiro delay can be revealed by tim-
ing. The Shapiro delay is an increase in light travel time through the curved
space-time near a massive body. In binary pulsar systems that have highly
inclined (nearly edge-on) orbits, excess delay in the pulse arrival times can
be observed when the pulsar is situated nearly behind the companion dur-
ing orbital conjunction. As described by general relativity, the two physical
parameters that characterize the Shapiro delay are the companion mass and
inclination angle. In combination with the observed Keplerian mass function,
the Shapiro delay offers one of the most precise methods to directly infer the
mass of the NS. In turn, any precise NS mass measurement limits the equa-
tions of state (EOS) available to describe matter at supranuclear densities.
The discovery of a NS with mass significantly higher than the typical value
of ∼1.4M! would have a major impact on the allowed NS EOS as well as
additional implications for a wide range of astrophysical phenomena[5].

PSR J1614−2230 was originally discovered in a radio survey of uniden-
tified EGRET gamma-ray sources using the Parkes radio telescope[6]. The
spin period P is 3.15ms, and initial timing with Parkes showed the pulsar to
be in a binary system with an 8.7-day orbital period and a companion of mass
M2 ! 0.4M!. The system was noted as having a higher companion mass
than is typical for fully-recycled (P " 10ms) pulsars, which predominantly
have helium white dwarf (WD) companions with masses of ∼0.1−0.2M!.
Furthermore, the orbital period is shorter than expected given the massive
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Figure 3: Neutron star (NS) mass-radius diagram. The plot shows non-
rotating mass versus physical radius for several typical NS equations of state
(EOS)[25]. The horizontal bands show the observational constraint from our
J1614−2230 mass measurement of 1.97±0.04 M!, similar measurements for
two other millsecond pulsars[3, 26], and the range of observed masses for
double NS binaries[2]. Any EOS line that does not intersect the J1614−2230
band is ruled out by this measurement. In particular, most EOS curves in-
volving exotic matter, such as kaon condensates or hyperons, tend to predict
maximum NS masses well below 2.0 M!, and are therefore ruled out.

10

December 16, 2010 1:9 WSPC/INSTRUCTION FILE gebfest˙jl

4 James M Lattimer and Madappa Prakash

Fig. 1. Measured neutron star masses. References in parenthesis following source numbers are
identified in Table 1.

Mmax(theo) > Mmax(obs) 

Constraining the EoS

Lattimer and Prakash, arXiv1012.3208
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CONSTRAINTS FOR NUCLEAR EOS 

properties of NM at 
saturation n0:

B/A, m*/m, K,asym
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Properties of dense nuclear matter
Symmetric nuclear matter at saturation

saturation density    n0 = 0.17 fm-3  

binding energy per nucleon    B/A = -16.3 MeV

effective nucleon mass    m*/m = 0.55-0.8

incompressibility    Ko = 235 ±14 MeV 
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Properties of dense nuclear matter
Asymmetric nuclear matter at saturation

saturation density    n0 = 0.17 fm-3  

binding energy per nucleon    B/A = -16.3 MeV

effective nucleon mass    m*/m = 0.55-0.8

incompressibility    Ko = 235 ±14 MeV 

symmetry energy    Esym = 28-32 MeV 

The Uncertain Nuclear Force
The density dependence of Esym(n) is crucial but poorly
constrained. Although the second density derivative, the
incompressibility K, for symmetric matter is known well,
the third density derivative, the skewness, is not.

C. Fuchs, H.H. Wolter, EPJA 30(2006) 5

⇐= Skewness

⇐
=

=
⇒Esym(n)

K # 220 MeV

J.M. Lattimer, CompSchool2009, NBIA, 17-21 August 2009 – p. 26/68
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Asymmetric nuclear matter at saturation

the density dependence of symmetry energy is a 
crucial quantity in nuclear physics

  nuclei ⇒  n < n0

Isospin diffusion data from intermediate energy 
HIC provide constraint on L only around n0

neutron skin thickness of heavy nuclei

Giant dipole resonance in 208Pb

Pygmy dipole resonance in 208Pb

Density dependence of  Symmetry Energy L 

February 5, 2008 4:33 WSPC - Proceedings Trim Size: 9.75in x 6.5in proc3

4

Fig. 3. Isospin diffusion process during a heavy-ion collision (from Ref. 19).

part as

Es(n) = Sv(n/n0)
γ , (2)

where Sv is the symmetry energy at the nuclear equilibrium density, n0 = 0.16 fm
−3

,

the constraint 0.69 < γ < 1.05 has been found.20,23 This constraint is consistent with

the symmetry energy inherent in the EOS (computed using Monte Carlo simulations

with input two- and three-body interactions which are matched to nucleon-nucleon

scattering phase shifts and the energy levels of light nuclei) of Akmal, et al.24

(APR). This constraint also rules out models with values of γ > 1.05 found in some

field-theoretical models.

Because intermediate-energy heavy-ion collisions provide a constraint on the

symmetry energy at the same densities as would be probed by a measurement of

the neutron skin thickness of 208Pb, the NSCL data also provides a restrictive range

for its neutron skin thickness. This connection was used in Refs. 25 and 23 to show

that the neutron skin thickness of 208Pb should be at least greater than 0.15 fm in

order to be consistent with the NSCL data, with values between 0.23 fm and 0.27

fm favored by the transport model simulations (Fig. 4).

4. Neutron Star Radii

Neutron star radii tend to probe the density dependence of the symmetry energy

around the nuclear equilibrium density, n0 = 0.16 fm
−3

. Lattimer and Prakash26

found that the radius R of a neutron star exhibits the power law correlation:

R � C(n, M) [P (n)]
0.23−0.26 , (3)

where P (n) is the total pressure inclusive of leptonic contributions evaluated at

a density n in the range n0 to 2n0, and C(n, M) is a number that depends on

the density n at which the pressure is evaluated and on the stellar mass M . The

left panel in Fig. 5 shows this correlation as RP−α versus R for stars of mass

Equation of state of asymmetric nuclear matter
Symmetry energy - theoretical predictions

Symmetry energy - experimental constraints
Impact of nuclear symmetry energy on neutron star properties

Conclusions

The slope parameter L from different observables

13/ 27
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Nuclear matter beyond saturation

Density dependence of symmetry energy “L” 
becomes highly uncertain at n >> n0

The Uncertain Esym(n)

C. Fuchs, H.H. Wolter, EPJA 30(2006) 5

J.M. Lattimer, CompSchool2009, NBIA, 17-21 August 2009 – p. 31/68

Density dependence of  Symmetry Energy L 
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Nuclear matter beyond saturation

Density dependence of symmetry energy “L” 
becomes highly uncertain at n >> n0

Elliptic flow of nucleons in non-central 
nucleus-nucleus collisions  
- (not conclusive, new degrees of freedom at 
high energies, momentum dependence of 
interaction, model dependence of analysis)

Flow Constraint From Heavy Ions

Danielewicz, Lacey & Lynch 2002

Consistent with
0 < K ′/MeV < 300

K′ = 0 MeV
K′ = 100 MeV

K′ = 200 MeV

K′ = 300 MeV

J.M. Lattimer, CompSchool2009, NBIA, 17-21 August 2009 – p. 41/68

Density dependence of  Symmetry Energy L 
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Nuclear matter beyond saturation

Density dependence of symmetry energy “L” 
becomes highly uncertain at n >> n0

Elliptic flow of nucleons in non-central 
nucleus-nucleus collisions  
- (not conclusive, new degrees of freedom at 
high energies, momentum dependence of 
interaction, model dependence of analysis)

K+ meson production in nuclear collisions  ✓

Density dependence of  Symmetry Energy L 
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K+ meson production in heavy-ion collisions 

KaoS experiment, 
GSI Darmstadt

Pions: late freeze out

Kaons:
- direct early production: high density 
phase

- isovector channel effects

Au+Au@1AGeV

stiffstiff
EEsymsym

soft soft 
EEsymsym

G.Ferini et al.,PRL 97 (2006) 202301

NN !!!! N∆∆∆∆ !!!! NYK

ππππΝΝΝΝ !!!!YK

mean field effects: n/p repulsion

threshold effects: ∆ ∆ ∆ ∆ and K self energies

Sensitivity of particle production to the symmetry energy

28÷36 MeV

NL

NL!

NL!"

Subthreshold production of K+ 
particles

K+ particles produced by multiple 
NN collisions 
(NN → NΛK, NN → NNKK) or 
secondary collisions 
( πN → ΛK, πΛ → NK)

Nuclear matter compressed up to 
~ 2-3 n0

Production of K+ particles 
sensitive to the nuclear EoS 
⇒  tool to probe compressibility  
of nuclear matter at ~ 2-3 n0

GSI-NACHRICHTEN 1/98 11

FE
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U
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per nucleon (1 AGeV)—this corre-
sponds to approximately 90% of the
velocity of light—and let them collide
with gold nuclei at rest.  In the overlap
zone of the colliding nuclei part of the
nucleons can interact so energetically
that they are excited to resonance sta-
tes. A so-called fireball consisting of
mesons and baryons with a temperatu-
re of about 80 MeV is created. In the
final phase of the reaction, when the
density decreases, the resonances
again decay into nucleons and mesons.

The experiments have been concei-
ved to determine how the newly crea-
ted particles behave in their hot and
dense environment and thus throw
light on the properties of this medium.
The instruments utilised at GSI to gain
such insight are the kaon spectrometer
KAOS, the FOPI detector, the photon
spectrometer TAPS and the fragment
separator FRS.

Equation of State for Nuclear
Matter

In collision experiments, we obtain
indirect access to information about the
behavior of nuclear matter as a func-
tion of density and temperature – the
so-called equation of state for nuclear
matter. Of primary importance is the
energy balance. One part of the energy
available in the collision is used to com-
press the nuclear matter. This portion,
the compression energy, corresponds to
potential energy,  the type of energy sto-
red in a compressed spring, for exam-
ple. The remaining energy is converted
into thermal motion of the nucleons
(undirected kinetic energy) and is avai-
lable for the production of new particles
in collisions between the constituents of
the fireball.

With the expansion of the fireball
following the compression phase, the

compression energy is released. Nucle-
ar fragments and newly created par-
ticles separate collectively in a radial
expansion (see GSI-Nachrichten 1/97).
The thermal energy of the fireball can
be estimated from the type and number
of the newly created particles and from
their energy and momentum spectra.
Since the total energy of the accelerated
ions is known, one gets also an estima-
te for the compression energy in the
initial phase of the reaction.

The measurement of particle pro-
duction in heavy-ion collisions thus
offers a possibility for studying the
equation of state for higher densities.
Additional information can be gained
by measuring the radial flow of
nucleons and light fragments.

The particles most frequently crea-
ted in the collision of two nucleons are
the pions. However, utilising pions to
draw conclusions about the properties

I n  central collisions of gold ions
at energies of 1 Gigaelectronvolt per
nucleon, some 100 protons and deu-
terons and about 40 pions are emitted
from the fireball region. However,
only one out of 30 collisions leads to
the production of a kaon. The kaon
spectrometer was optimised for stu-
dying these rare events.  It is capable
of determining the momentum and
charge of the particles, their emission
angle, the centrality of the reaction
including the total number of partici-
pating nucleons, and the orientation
of the reaction plane. The momentum
is measured via the deflection angle
of the particle in the magnetic field
and its recorded hit position in the
focal plane. The velocity is deduced
by reconstructing the flight path and

T H E  K A O N  S P E C T R O M E T E R

measuring the time of flight. With these
quantities known, the rest mass and

thus the particle species can be unam-
biguously determined. !

10 GSI-NACHRICHTEN 1/98  
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How does nuclear matter respond

when it is compressed and heated?
What role do strange particles play in
hot, dense nuclear matter? Do the
properties of the particles change
under such extreme conditions? The
answers to these questions are of
fundamental significance for our
understanding of the strong interac-
tion. They also have great relevance
for topics in astrophysics, where they
can help answer questions such as:
Under what conditions will the explo-
sion of a supernova result in a neu-
tron star and when will it produce a
black hole?

Two particles, the kaon K+ and its
antiparticle K-, are highly relevant to
the answer. Using the synchrotron at
GSI in Darmstadt, it is possible to stu-
dy heavy-ion collisions in which
kaons are created. With a magnetic
spectrometer the number, energy,
and emission angle of the kaons pro-
duced can be determined. Thereby,
we not only acquire information
about the state and properties of
nuclear matter under extreme condi-
tions, but also obtain first indications
that the nuclear environment itself
affects the kaon properties. The fact
that substantially more antikaons
than expected are produced in hot
dense nuclear matter—at first, a sur-
prising result—opens up several inte-
resting possibilities.

Just like all material around us, the
properties of nuclear matter are also
subject to the influence of pressure,
density and temperature. In particular,
it is important for cosmologists to know,
for example, how strongly nuclear mat-
ter resists attempts to compress it. Hea-
vy-ion collisions at relativistic energies
provide the only way  to create and stu-
dy hot, compressed nuclear matter in
the laboratory.

To compress the protons and neu-
trons inside the nucleus to approxima-
tely 2.5 times normal nuclear density,
researchers at GSI accelerate gold
nuclei to energies of 1 Gigaelectronvolt

Strange Particles Probe
Compressed Nuclear
Matter

0 100 200 300

0.15

0.10

0.05

0.00

Au + Au  1 AGeV

Apart

M/
A p

ar
t

K+x2000
!+

Kaon and Pion Production GFig. 1: Production probability
for kaons and pions as a func-
tion of the number of nucleons
participating in the collision of
the two gold ions.

GSI-Nachrichten, 1/98
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Soft equation of state from heavy-ion data 
Kaon production in heavy-ion collisions
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Sturm et al. (KaoS collaboration), PRL 2001

Fuchs, Faessler, Zabrodin, Zheng, PRL 2001

Kaons produced by
associated production:
NN→ NΛK, NN→NNKK

in-medium processes
(rescattering): πN → ΛK,
πΛ → NK

nuclear matter is
compressed up to 3n0!

long mean-free path of
kaons: kaons can escape
high density matter

– p.11

Sturm et al. (KaoS collaboration), PRL 2001
Confirmed KaoS data analysis: the nuclear EoS is soft!
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The Collaboration
kaon production (K+) in heavy-ion
collisions at subthreshold energies
double ratio: multiplicity per mass
number for C+C collisions and Au+Au
collisions at 0.8 AGeV and 1.0 AGeV
(rather insensitive to input parameters)
only calculations with a compression
modulus of KN ≈ 200 MeV can describe
the data (Hartnack, Oeschler, Aichelin,
PRL 2006; KaoS collaboration, 2007)

=⇒ the nuclear equation of state is SOFT!

– p.12

Hartnack, Oeschler, Aichelin, PRL 2006

K+ multiplicity ratio in Au+Au and C+C 
collisions at 0.8 AGeV and 1.0 AGeV is 
sensitive to the compression modulus of 
matter

transport model calculations performed: 
Skyrme-type nucleon potential with 2BF, 
3BF were applied, with parameters to 
reproduce a soft EoS (with K =200 
MeV) and a stiff one (with K =380 
MeV).

transport models agree, confirm that 
matter in the collision zone reaches 
densities up to 2-3 n0

only K~ 200 MeV can describe the data 
(KaoS collaboration, 2007)

⇒   the nuclear EoS is soft
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Phenomenological EoS for NS core

Skyrme EoS

2

calculations consistently demonstrate that the beam en-

ergy dependence of the kaon multiplicity ratio is de-

scribed best by the nucleon potential with small repul-

sion. When applied to infinite isospin symmetric nuclear

matter the latter corresponds to a soft nuclear equa-

tion of state (EoS) characterized by a stiffness parameter

K = 9
dp
dn |n0 = 200 MeV [13]. While the KaoS measure-

ments seem to suggest even lower values of K <∼ 200MeV

[13], it should also be noted that the isospin asymmetry

of the colliding Au+Au system could result in an increase

of K by ∼ 10% [15]. Despite, being defined in the same

way, the stiffness parameterK and the compression mod-

ulus K0 must be clearly distinguished from each other.

Since the K
+
mesons in the Au+Au system are found to

be produced predominantly at supra-saturation densities

of n ∼ (2−3)n0 [13, 14, 16, 17], the KaoS measurements

probe nuclear matter in this density range [17, 18]. As

a consequence, the stiffness parameter K <∼ 200 MeV

characterizes the nuclear EoS for n ∼ (2−3)n0 while the

compression modulus K0 = (235±14)MeV is determined

by the properties of nuclear matter at n0.

The measured attractive nucleon potential and the cor-

responding soft nuclear EoS [12–14] have to be tested

on their compatibility with neutron star observations.

Establishing a link between nuclear properties obtained

from experiments and neutron star observations is a non-

trivial task [19–21]. Nevertheless, in this work we want to

investigate the implications of the results from the KaoS

collaboration on compact stars. To avoid any assump-

tions about the unknown high density nuclear matter,

we focus on neutron star properties which can be directly

linked to the soft EoS at n ∼ (2 − 3)n0. The first cho-

sen observable is the radius of light neutron stars, which

will be discussed in the following. In the second half of

the paper, we focus on the limit for the highest allowed

compact star mass [22].

Neutron star radii are tightly connected to the symmetry

energy [23], very similar to the symmetry energy depen-

dence of the neutron skin thickness of heavy nuclei [24].

For our study, light neutron stars are of special interest,

because their central densities can be in the same range as

the one probed by the KaoS experiment. Since the latter

provides information on the stiffness of nuclear matter,

the symmetry energy is the remaining uncertainty of the

nuclear EoSs and could be probed by e.g. neutron star

radius measurements [25–29]. Such a constraint would

be of immense interest in nuclear physics [30]. For a

consistent analysis of neutron star properties and the ex-

perimental results, we choose a Skyrme type EoS with a

nucleon potential similar to the one which was used in

the analysis of the KaoS data. The energy per baryon is

written as [31]:

E
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FIG. 1: Radii R ( thick lines) and central densities (points) of
1.25M⊙ neutron stars in dependence of K for different setups
of S0 and γ from Eq. (1), i.e. different slopes of the symmetry
energy L.

whereas u = n/n0 is the baryon number density and

E0 is the average kinetic energy of nuclear matter at n0

and a proton fraction of Yp = 0.5. Two- and three-body

forces, described by the terms B and D, together with

σ, are fitted to reproduce the binding energy per baryon

E(n0, Yp = 0.5) = −16 MeV, the stiffness parameter K,

and the saturation density n0. While S0 is varied between

28MeV and 32MeV, its density dependence is chosen as a

power law with uγ
where γ = 0.5−1.1. The values for S0

and γ are motivated by heavy-ion experiments and recent

analysis of neutron stars in X-ray binaries [7, 8, 27, 32].

Eq.(1) is used to describe matter in the neutron star core,

while we incorporate an inner and outer crust following

[33, 34]. We calculate the radii and central densities of

non-rotating neutron stars with M = 1.25 M⊙, in ac-

cord with the lightest pulsar masses deduced so far from

observations [35]. The radii and central densities in de-

pendence of K are shown in Fig. 1 for different symme-

try energy configurations. It can be seen that the radii

largely depend on the density dependence of the symme-

try energy in form of γ, i.e. L = 3n0(dS(nb)/dnb)|n0. At

K ∼ 200 MeV, stiff and soft symmetry energy configu-

rations lead to a difference in the neutron star radius of

around ∆R ∼ (1 − 1.5) km. The central densities of the

corresponding stars are in the range of <∼ 3.4 n0, similar

to the density region explored by the KaoS collabora-

tion. At these densities, hyperons, kaons, and quarks, if

they appear at all, should not play a dominant role [36].

However, their possible appearance in a first order phase

transition could be probed in the neutrino signal of a

galactic supernove explosion [37, 38]. With this we con-

clude that radii of light neutron stars with M <∼ 1.25M⊙
are strong candidates for a direct cross check between

heavy-ion experiments and astrophysical observations.

We turn now from the radii of low mass stars to the max-

imally allowed gravitational mass of a compact star. The

E0 = binding energy of SNM at n0

baryon number density u = n/n0

Yp = proton fraction 

density dependence of symmetry energy chosen 
as a power law with uγ

parameters σ, B,D (2BF, 3BF)
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Phenomenological EoS for NS core

Skyrme EoS
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calculations consistently demonstrate that the beam en-

ergy dependence of the kaon multiplicity ratio is de-

scribed best by the nucleon potential with small repul-

sion. When applied to infinite isospin symmetric nuclear

matter the latter corresponds to a soft nuclear equa-

tion of state (EoS) characterized by a stiffness parameter

K = 9
dp
dn |n0 = 200 MeV [13]. While the KaoS measure-

ments seem to suggest even lower values of K <∼ 200MeV

[13], it should also be noted that the isospin asymmetry

of the colliding Au+Au system could result in an increase

of K by ∼ 10% [15]. Despite, being defined in the same

way, the stiffness parameterK and the compression mod-

ulus K0 must be clearly distinguished from each other.

Since the K
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mesons in the Au+Au system are found to

be produced predominantly at supra-saturation densities

of n ∼ (2−3)n0 [13, 14, 16, 17], the KaoS measurements

probe nuclear matter in this density range [17, 18]. As

a consequence, the stiffness parameter K <∼ 200 MeV

characterizes the nuclear EoS for n ∼ (2−3)n0 while the

compression modulus K0 = (235±14)MeV is determined

by the properties of nuclear matter at n0.

The measured attractive nucleon potential and the cor-

responding soft nuclear EoS [12–14] have to be tested

on their compatibility with neutron star observations.

Establishing a link between nuclear properties obtained

from experiments and neutron star observations is a non-

trivial task [19–21]. Nevertheless, in this work we want to

investigate the implications of the results from the KaoS

collaboration on compact stars. To avoid any assump-

tions about the unknown high density nuclear matter,

we focus on neutron star properties which can be directly

linked to the soft EoS at n ∼ (2 − 3)n0. The first cho-

sen observable is the radius of light neutron stars, which

will be discussed in the following. In the second half of

the paper, we focus on the limit for the highest allowed

compact star mass [22].

Neutron star radii are tightly connected to the symmetry

energy [23], very similar to the symmetry energy depen-

dence of the neutron skin thickness of heavy nuclei [24].

For our study, light neutron stars are of special interest,

because their central densities can be in the same range as

the one probed by the KaoS experiment. Since the latter

provides information on the stiffness of nuclear matter,

the symmetry energy is the remaining uncertainty of the

nuclear EoSs and could be probed by e.g. neutron star

radius measurements [25–29]. Such a constraint would

be of immense interest in nuclear physics [30]. For a

consistent analysis of neutron star properties and the ex-

perimental results, we choose a Skyrme type EoS with a

nucleon potential similar to the one which was used in

the analysis of the KaoS data. The energy per baryon is

written as [31]:
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whereas u = n/n0 is the baryon number density and

E0 is the average kinetic energy of nuclear matter at n0

and a proton fraction of Yp = 0.5. Two- and three-body

forces, described by the terms B and D, together with

σ, are fitted to reproduce the binding energy per baryon

E(n0, Yp = 0.5) = −16 MeV, the stiffness parameter K,

and the saturation density n0. While S0 is varied between

28MeV and 32MeV, its density dependence is chosen as a

power law with uγ
where γ = 0.5−1.1. The values for S0

and γ are motivated by heavy-ion experiments and recent

analysis of neutron stars in X-ray binaries [7, 8, 27, 32].

Eq.(1) is used to describe matter in the neutron star core,

while we incorporate an inner and outer crust following

[33, 34]. We calculate the radii and central densities of

non-rotating neutron stars with M = 1.25 M⊙, in ac-

cord with the lightest pulsar masses deduced so far from

observations [35]. The radii and central densities in de-

pendence of K are shown in Fig. 1 for different symme-

try energy configurations. It can be seen that the radii

largely depend on the density dependence of the symme-

try energy in form of γ, i.e. L = 3n0(dS(nb)/dnb)|n0. At

K ∼ 200 MeV, stiff and soft symmetry energy configu-

rations lead to a difference in the neutron star radius of

around ∆R ∼ (1 − 1.5) km. The central densities of the

corresponding stars are in the range of <∼ 3.4 n0, similar

to the density region explored by the KaoS collabora-

tion. At these densities, hyperons, kaons, and quarks, if

they appear at all, should not play a dominant role [36].

However, their possible appearance in a first order phase

transition could be probed in the neutrino signal of a

galactic supernove explosion [37, 38]. With this we con-

clude that radii of light neutron stars with M <∼ 1.25M⊙
are strong candidates for a direct cross check between

heavy-ion experiments and astrophysical observations.

We turn now from the radii of low mass stars to the max-

imally allowed gravitational mass of a compact star. The

E0 = binding energy of SNM at n0

baryon number density u = n/n0

Yp = proton fraction 

density dependence of symmetry energy chosen 
as a power law with uγ

parameters σ, B,D (2BF, 3BF)

Parameters fitted to reproduce saturation 
density, binding energy, stiffness parameter 

 Variation of values:
- K = 170 - 220 MeV
- S0 = 28 - 32 MeV
- γ = 0.5 - 1.1 (motivated by heavy-ion 
experiments)

M = 1.25 Msol : lightest pulsar mass deduced 
from observations
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calculations consistently demonstrate that the beam en-

ergy dependence of the kaon multiplicity ratio is de-

scribed best by the nucleon potential with small repul-

sion. When applied to infinite isospin symmetric nuclear

matter the latter corresponds to a soft nuclear equa-

tion of state (EoS) characterized by a stiffness parameter

K = 9
dp
dn |n0 = 200 MeV [13]. While the KaoS measure-

ments seem to suggest even lower values of K <∼ 200MeV

[13], it should also be noted that the isospin asymmetry

of the colliding Au+Au system could result in an increase

of K by ∼ 10% [15]. Despite, being defined in the same

way, the stiffness parameterK and the compression mod-

ulus K0 must be clearly distinguished from each other.

Since the K
+
mesons in the Au+Au system are found to

be produced predominantly at supra-saturation densities

of n ∼ (2−3)n0 [13, 14, 16, 17], the KaoS measurements

probe nuclear matter in this density range [17, 18]. As

a consequence, the stiffness parameter K <∼ 200 MeV

characterizes the nuclear EoS for n ∼ (2−3)n0 while the

compression modulus K0 = (235±14)MeV is determined

by the properties of nuclear matter at n0.

The measured attractive nucleon potential and the cor-

responding soft nuclear EoS [12–14] have to be tested

on their compatibility with neutron star observations.

Establishing a link between nuclear properties obtained

from experiments and neutron star observations is a non-

trivial task [19–21]. Nevertheless, in this work we want to

investigate the implications of the results from the KaoS

collaboration on compact stars. To avoid any assump-

tions about the unknown high density nuclear matter,

we focus on neutron star properties which can be directly

linked to the soft EoS at n ∼ (2 − 3)n0. The first cho-

sen observable is the radius of light neutron stars, which

will be discussed in the following. In the second half of

the paper, we focus on the limit for the highest allowed

compact star mass [22].

Neutron star radii are tightly connected to the symmetry

energy [23], very similar to the symmetry energy depen-

dence of the neutron skin thickness of heavy nuclei [24].

For our study, light neutron stars are of special interest,

because their central densities can be in the same range as

the one probed by the KaoS experiment. Since the latter

provides information on the stiffness of nuclear matter,

the symmetry energy is the remaining uncertainty of the

nuclear EoSs and could be probed by e.g. neutron star

radius measurements [25–29]. Such a constraint would

be of immense interest in nuclear physics [30]. For a

consistent analysis of neutron star properties and the ex-

perimental results, we choose a Skyrme type EoS with a

nucleon potential similar to the one which was used in

the analysis of the KaoS data. The energy per baryon is

written as [31]:
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FIG. 1: Radii R ( thick lines) and central densities (points) of
1.25M⊙ neutron stars in dependence of K for different setups
of S0 and γ from Eq. (1), i.e. different slopes of the symmetry
energy L.

whereas u = n/n0 is the baryon number density and

E0 is the average kinetic energy of nuclear matter at n0

and a proton fraction of Yp = 0.5. Two- and three-body

forces, described by the terms B and D, together with

σ, are fitted to reproduce the binding energy per baryon

E(n0, Yp = 0.5) = −16 MeV, the stiffness parameter K,

and the saturation density n0. While S0 is varied between

28MeV and 32MeV, its density dependence is chosen as a

power law with uγ
where γ = 0.5−1.1. The values for S0

and γ are motivated by heavy-ion experiments and recent

analysis of neutron stars in X-ray binaries [7, 8, 27, 32].

Eq.(1) is used to describe matter in the neutron star core,

while we incorporate an inner and outer crust following

[33, 34]. We calculate the radii and central densities of

non-rotating neutron stars with M = 1.25 M⊙, in ac-

cord with the lightest pulsar masses deduced so far from

observations [35]. The radii and central densities in de-

pendence of K are shown in Fig. 1 for different symme-

try energy configurations. It can be seen that the radii

largely depend on the density dependence of the symme-

try energy in form of γ, i.e. L = 3n0(dS(nb)/dnb)|n0. At

K ∼ 200 MeV, stiff and soft symmetry energy configu-

rations lead to a difference in the neutron star radius of

around ∆R ∼ (1 − 1.5) km. The central densities of the

corresponding stars are in the range of <∼ 3.4 n0, similar

to the density region explored by the KaoS collabora-

tion. At these densities, hyperons, kaons, and quarks, if

they appear at all, should not play a dominant role [36].

However, their possible appearance in a first order phase

transition could be probed in the neutrino signal of a

galactic supernove explosion [37, 38]. With this we con-

clude that radii of light neutron stars with M <∼ 1.25M⊙
are strong candidates for a direct cross check between

heavy-ion experiments and astrophysical observations.

We turn now from the radii of low mass stars to the max-

imally allowed gravitational mass of a compact star. The

Radii and central densities of 
1.25 Msol neutron stars with K, 
for different values of S0 and γ
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[13], it should also be noted that the isospin asymmetry
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characterizes the nuclear EoS for n ∼ (2−3)n0 while the
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by the properties of nuclear matter at n0.
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be of immense interest in nuclear physics [30]. For a

consistent analysis of neutron star properties and the ex-
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whereas u = n/n0 is the baryon number density and

E0 is the average kinetic energy of nuclear matter at n0

and a proton fraction of Yp = 0.5. Two- and three-body

forces, described by the terms B and D, together with

σ, are fitted to reproduce the binding energy per baryon

E(n0, Yp = 0.5) = −16 MeV, the stiffness parameter K,

and the saturation density n0. While S0 is varied between

28MeV and 32MeV, its density dependence is chosen as a

power law with uγ
where γ = 0.5−1.1. The values for S0

and γ are motivated by heavy-ion experiments and recent

analysis of neutron stars in X-ray binaries [7, 8, 27, 32].

Eq.(1) is used to describe matter in the neutron star core,

while we incorporate an inner and outer crust following

[33, 34]. We calculate the radii and central densities of

non-rotating neutron stars with M = 1.25 M⊙, in ac-

cord with the lightest pulsar masses deduced so far from

observations [35]. The radii and central densities in de-

pendence of K are shown in Fig. 1 for different symme-

try energy configurations. It can be seen that the radii

largely depend on the density dependence of the symme-

try energy in form of γ, i.e. L = 3n0(dS(nb)/dnb)|n0. At

K ∼ 200 MeV, stiff and soft symmetry energy configu-

rations lead to a difference in the neutron star radius of

around ∆R ∼ (1 − 1.5) km. The central densities of the

corresponding stars are in the range of <∼ 3.4 n0, similar

to the density region explored by the KaoS collabora-

tion. At these densities, hyperons, kaons, and quarks, if

they appear at all, should not play a dominant role [36].

However, their possible appearance in a first order phase

transition could be probed in the neutrino signal of a

galactic supernove explosion [37, 38]. With this we con-

clude that radii of light neutron stars with M <∼ 1.25M⊙
are strong candidates for a direct cross check between

heavy-ion experiments and astrophysical observations.

We turn now from the radii of low mass stars to the max-

imally allowed gravitational mass of a compact star. The

Radii and central densities of 
1.25 Msol neutron stars with K, 
for different values of S0 and γ

 The central densities of the corresponding stars 
are in the range of the density region explored 
by KaoS. 
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calculations consistently demonstrate that the beam en-

ergy dependence of the kaon multiplicity ratio is de-

scribed best by the nucleon potential with small repul-

sion. When applied to infinite isospin symmetric nuclear

matter the latter corresponds to a soft nuclear equa-

tion of state (EoS) characterized by a stiffness parameter

K = 9
dp
dn |n0 = 200 MeV [13]. While the KaoS measure-

ments seem to suggest even lower values of K <∼ 200MeV

[13], it should also be noted that the isospin asymmetry

of the colliding Au+Au system could result in an increase

of K by ∼ 10% [15]. Despite, being defined in the same

way, the stiffness parameterK and the compression mod-

ulus K0 must be clearly distinguished from each other.

Since the K
+
mesons in the Au+Au system are found to

be produced predominantly at supra-saturation densities

of n ∼ (2−3)n0 [13, 14, 16, 17], the KaoS measurements

probe nuclear matter in this density range [17, 18]. As

a consequence, the stiffness parameter K <∼ 200 MeV

characterizes the nuclear EoS for n ∼ (2−3)n0 while the

compression modulus K0 = (235±14)MeV is determined

by the properties of nuclear matter at n0.

The measured attractive nucleon potential and the cor-

responding soft nuclear EoS [12–14] have to be tested

on their compatibility with neutron star observations.

Establishing a link between nuclear properties obtained

from experiments and neutron star observations is a non-

trivial task [19–21]. Nevertheless, in this work we want to

investigate the implications of the results from the KaoS

collaboration on compact stars. To avoid any assump-

tions about the unknown high density nuclear matter,

we focus on neutron star properties which can be directly

linked to the soft EoS at n ∼ (2 − 3)n0. The first cho-

sen observable is the radius of light neutron stars, which

will be discussed in the following. In the second half of

the paper, we focus on the limit for the highest allowed

compact star mass [22].

Neutron star radii are tightly connected to the symmetry

energy [23], very similar to the symmetry energy depen-

dence of the neutron skin thickness of heavy nuclei [24].

For our study, light neutron stars are of special interest,

because their central densities can be in the same range as

the one probed by the KaoS experiment. Since the latter

provides information on the stiffness of nuclear matter,

the symmetry energy is the remaining uncertainty of the

nuclear EoSs and could be probed by e.g. neutron star

radius measurements [25–29]. Such a constraint would

be of immense interest in nuclear physics [30]. For a

consistent analysis of neutron star properties and the ex-

perimental results, we choose a Skyrme type EoS with a

nucleon potential similar to the one which was used in

the analysis of the KaoS data. The energy per baryon is

written as [31]:
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FIG. 1: Radii R ( thick lines) and central densities (points) of
1.25M⊙ neutron stars in dependence of K for different setups
of S0 and γ from Eq. (1), i.e. different slopes of the symmetry
energy L.

whereas u = n/n0 is the baryon number density and

E0 is the average kinetic energy of nuclear matter at n0

and a proton fraction of Yp = 0.5. Two- and three-body

forces, described by the terms B and D, together with

σ, are fitted to reproduce the binding energy per baryon

E(n0, Yp = 0.5) = −16 MeV, the stiffness parameter K,

and the saturation density n0. While S0 is varied between

28MeV and 32MeV, its density dependence is chosen as a

power law with uγ
where γ = 0.5−1.1. The values for S0

and γ are motivated by heavy-ion experiments and recent

analysis of neutron stars in X-ray binaries [7, 8, 27, 32].

Eq.(1) is used to describe matter in the neutron star core,

while we incorporate an inner and outer crust following

[33, 34]. We calculate the radii and central densities of

non-rotating neutron stars with M = 1.25 M⊙, in ac-

cord with the lightest pulsar masses deduced so far from

observations [35]. The radii and central densities in de-

pendence of K are shown in Fig. 1 for different symme-

try energy configurations. It can be seen that the radii

largely depend on the density dependence of the symme-

try energy in form of γ, i.e. L = 3n0(dS(nb)/dnb)|n0. At

K ∼ 200 MeV, stiff and soft symmetry energy configu-

rations lead to a difference in the neutron star radius of

around ∆R ∼ (1 − 1.5) km. The central densities of the

corresponding stars are in the range of <∼ 3.4 n0, similar

to the density region explored by the KaoS collabora-

tion. At these densities, hyperons, kaons, and quarks, if

they appear at all, should not play a dominant role [36].

However, their possible appearance in a first order phase

transition could be probed in the neutrino signal of a

galactic supernove explosion [37, 38]. With this we con-

clude that radii of light neutron stars with M <∼ 1.25M⊙
are strong candidates for a direct cross check between

heavy-ion experiments and astrophysical observations.

We turn now from the radii of low mass stars to the max-

imally allowed gravitational mass of a compact star. The

Radii and central densities of 
1.25 Msol neutron stars with K, 
for different values of S0 and γ

 The central densities of the corresponding stars 
are in the range of the density region explored 
by KaoS. 

The radii largely depend on the density 
dependence of the symmetry energy γ
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calculations consistently demonstrate that the beam en-

ergy dependence of the kaon multiplicity ratio is de-

scribed best by the nucleon potential with small repul-

sion. When applied to infinite isospin symmetric nuclear

matter the latter corresponds to a soft nuclear equa-

tion of state (EoS) characterized by a stiffness parameter

K = 9
dp
dn |n0 = 200 MeV [13]. While the KaoS measure-

ments seem to suggest even lower values of K <∼ 200MeV

[13], it should also be noted that the isospin asymmetry

of the colliding Au+Au system could result in an increase

of K by ∼ 10% [15]. Despite, being defined in the same

way, the stiffness parameterK and the compression mod-

ulus K0 must be clearly distinguished from each other.

Since the K
+
mesons in the Au+Au system are found to

be produced predominantly at supra-saturation densities

of n ∼ (2−3)n0 [13, 14, 16, 17], the KaoS measurements

probe nuclear matter in this density range [17, 18]. As

a consequence, the stiffness parameter K <∼ 200 MeV

characterizes the nuclear EoS for n ∼ (2−3)n0 while the

compression modulus K0 = (235±14)MeV is determined

by the properties of nuclear matter at n0.

The measured attractive nucleon potential and the cor-

responding soft nuclear EoS [12–14] have to be tested

on their compatibility with neutron star observations.

Establishing a link between nuclear properties obtained

from experiments and neutron star observations is a non-

trivial task [19–21]. Nevertheless, in this work we want to

investigate the implications of the results from the KaoS

collaboration on compact stars. To avoid any assump-

tions about the unknown high density nuclear matter,

we focus on neutron star properties which can be directly

linked to the soft EoS at n ∼ (2 − 3)n0. The first cho-

sen observable is the radius of light neutron stars, which

will be discussed in the following. In the second half of

the paper, we focus on the limit for the highest allowed

compact star mass [22].

Neutron star radii are tightly connected to the symmetry

energy [23], very similar to the symmetry energy depen-

dence of the neutron skin thickness of heavy nuclei [24].

For our study, light neutron stars are of special interest,

because their central densities can be in the same range as

the one probed by the KaoS experiment. Since the latter

provides information on the stiffness of nuclear matter,

the symmetry energy is the remaining uncertainty of the

nuclear EoSs and could be probed by e.g. neutron star

radius measurements [25–29]. Such a constraint would

be of immense interest in nuclear physics [30]. For a

consistent analysis of neutron star properties and the ex-

perimental results, we choose a Skyrme type EoS with a

nucleon potential similar to the one which was used in

the analysis of the KaoS data. The energy per baryon is

written as [31]:
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whereas u = n/n0 is the baryon number density and

E0 is the average kinetic energy of nuclear matter at n0

and a proton fraction of Yp = 0.5. Two- and three-body

forces, described by the terms B and D, together with

σ, are fitted to reproduce the binding energy per baryon

E(n0, Yp = 0.5) = −16 MeV, the stiffness parameter K,

and the saturation density n0. While S0 is varied between

28MeV and 32MeV, its density dependence is chosen as a

power law with uγ
where γ = 0.5−1.1. The values for S0

and γ are motivated by heavy-ion experiments and recent

analysis of neutron stars in X-ray binaries [7, 8, 27, 32].

Eq.(1) is used to describe matter in the neutron star core,

while we incorporate an inner and outer crust following

[33, 34]. We calculate the radii and central densities of

non-rotating neutron stars with M = 1.25 M⊙, in ac-

cord with the lightest pulsar masses deduced so far from

observations [35]. The radii and central densities in de-

pendence of K are shown in Fig. 1 for different symme-

try energy configurations. It can be seen that the radii

largely depend on the density dependence of the symme-

try energy in form of γ, i.e. L = 3n0(dS(nb)/dnb)|n0. At

K ∼ 200 MeV, stiff and soft symmetry energy configu-

rations lead to a difference in the neutron star radius of

around ∆R ∼ (1 − 1.5) km. The central densities of the

corresponding stars are in the range of <∼ 3.4 n0, similar

to the density region explored by the KaoS collabora-

tion. At these densities, hyperons, kaons, and quarks, if

they appear at all, should not play a dominant role [36].

However, their possible appearance in a first order phase

transition could be probed in the neutrino signal of a

galactic supernove explosion [37, 38]. With this we con-

clude that radii of light neutron stars with M <∼ 1.25M⊙
are strong candidates for a direct cross check between

heavy-ion experiments and astrophysical observations.

We turn now from the radii of low mass stars to the max-

imally allowed gravitational mass of a compact star. The

Radii and central densities of 
1.25 Msol neutron stars with K, 
for different values of S0 and γ

 The central densities of the corresponding stars 
are in the range of the density region explored 
by KaoS. 

The radii largely depend on the density 
dependence of the symmetry energy γ

At K ~ 200 MeV, stiff and soft symmetry energy 
configurations lead to a difference in the neutron 
star radius of around ∆R ~ (1 − 1.5) km.
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calculations consistently demonstrate that the beam en-

ergy dependence of the kaon multiplicity ratio is de-

scribed best by the nucleon potential with small repul-

sion. When applied to infinite isospin symmetric nuclear

matter the latter corresponds to a soft nuclear equa-

tion of state (EoS) characterized by a stiffness parameter

K = 9
dp
dn |n0 = 200 MeV [13]. While the KaoS measure-

ments seem to suggest even lower values of K <∼ 200MeV

[13], it should also be noted that the isospin asymmetry

of the colliding Au+Au system could result in an increase

of K by ∼ 10% [15]. Despite, being defined in the same

way, the stiffness parameterK and the compression mod-

ulus K0 must be clearly distinguished from each other.

Since the K
+
mesons in the Au+Au system are found to

be produced predominantly at supra-saturation densities

of n ∼ (2−3)n0 [13, 14, 16, 17], the KaoS measurements

probe nuclear matter in this density range [17, 18]. As

a consequence, the stiffness parameter K <∼ 200 MeV

characterizes the nuclear EoS for n ∼ (2−3)n0 while the

compression modulus K0 = (235±14)MeV is determined

by the properties of nuclear matter at n0.

The measured attractive nucleon potential and the cor-

responding soft nuclear EoS [12–14] have to be tested

on their compatibility with neutron star observations.

Establishing a link between nuclear properties obtained

from experiments and neutron star observations is a non-

trivial task [19–21]. Nevertheless, in this work we want to

investigate the implications of the results from the KaoS

collaboration on compact stars. To avoid any assump-

tions about the unknown high density nuclear matter,

we focus on neutron star properties which can be directly

linked to the soft EoS at n ∼ (2 − 3)n0. The first cho-

sen observable is the radius of light neutron stars, which

will be discussed in the following. In the second half of

the paper, we focus on the limit for the highest allowed

compact star mass [22].

Neutron star radii are tightly connected to the symmetry

energy [23], very similar to the symmetry energy depen-

dence of the neutron skin thickness of heavy nuclei [24].

For our study, light neutron stars are of special interest,

because their central densities can be in the same range as

the one probed by the KaoS experiment. Since the latter

provides information on the stiffness of nuclear matter,

the symmetry energy is the remaining uncertainty of the

nuclear EoSs and could be probed by e.g. neutron star

radius measurements [25–29]. Such a constraint would

be of immense interest in nuclear physics [30]. For a

consistent analysis of neutron star properties and the ex-

perimental results, we choose a Skyrme type EoS with a

nucleon potential similar to the one which was used in

the analysis of the KaoS data. The energy per baryon is

written as [31]:
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of S0 and γ from Eq. (1), i.e. different slopes of the symmetry
energy L.

whereas u = n/n0 is the baryon number density and

E0 is the average kinetic energy of nuclear matter at n0

and a proton fraction of Yp = 0.5. Two- and three-body

forces, described by the terms B and D, together with

σ, are fitted to reproduce the binding energy per baryon

E(n0, Yp = 0.5) = −16 MeV, the stiffness parameter K,

and the saturation density n0. While S0 is varied between

28MeV and 32MeV, its density dependence is chosen as a

power law with uγ
where γ = 0.5−1.1. The values for S0

and γ are motivated by heavy-ion experiments and recent

analysis of neutron stars in X-ray binaries [7, 8, 27, 32].

Eq.(1) is used to describe matter in the neutron star core,

while we incorporate an inner and outer crust following

[33, 34]. We calculate the radii and central densities of

non-rotating neutron stars with M = 1.25 M⊙, in ac-

cord with the lightest pulsar masses deduced so far from

observations [35]. The radii and central densities in de-

pendence of K are shown in Fig. 1 for different symme-

try energy configurations. It can be seen that the radii

largely depend on the density dependence of the symme-

try energy in form of γ, i.e. L = 3n0(dS(nb)/dnb)|n0. At

K ∼ 200 MeV, stiff and soft symmetry energy configu-

rations lead to a difference in the neutron star radius of

around ∆R ∼ (1 − 1.5) km. The central densities of the

corresponding stars are in the range of <∼ 3.4 n0, similar

to the density region explored by the KaoS collabora-

tion. At these densities, hyperons, kaons, and quarks, if

they appear at all, should not play a dominant role [36].

However, their possible appearance in a first order phase

transition could be probed in the neutrino signal of a

galactic supernove explosion [37, 38]. With this we con-

clude that radii of light neutron stars with M <∼ 1.25M⊙
are strong candidates for a direct cross check between

heavy-ion experiments and astrophysical observations.

We turn now from the radii of low mass stars to the max-

imally allowed gravitational mass of a compact star. The

Radii and central densities of 
1.25 Msol neutron stars with K, 
for different values of S0 and γ

 The central densities of the corresponding stars 
are in the range of the density region explored 
by KaoS. 

The radii largely depend on the density 
dependence of the symmetry energy γ

At K ~ 200 MeV, stiff and soft symmetry energy 
configurations lead to a difference in the neutron 
star radius of around ∆R ~ (1 − 1.5) km.

radii of light neutron stars with M ~ 1.25 Msol 
are strong candidates for a direct cross check 
between heavy-ion experiments and 
astrophysical observations
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Extreme Properties of Neutron Stars
• The most compact configurations occur when the
low-density equation of state is "soft" and the
high-density equation of state is "stiff".
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Equations of  State
Densities around and above saturation

Relativistic Mean Field Models (RMF)
- with non-linear interaction of mesons, fitted to bulk nuclear matter (GL, TM1)
- fitted to properties of nuclei ( NL3)

Brueckner Hartree Fock models (BHF)
- realistic N-N interactions

Phenomenological models
- Skyrme interactions (Bsk8, SLy4)
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FIG. 2: The nucleon potential as a function of the baryon

number density for different models. The vertical thin lines

indicate different densities for the onset of the stiffest EoS.

most massive stable neutron star configuration depends
strongly on the stiffness of nuclear matter. The softer
the nuclear EoS, the lower is the maximum mass which
can be reached before the star becomes unstable against
collapse to a black hole. Ref. [22] introduced the idea to
use known properties of hadronic matter up to a fiducial
density ncrit. At higher densities, the low density EoS is
smoothly connected to the stiffest possible EoS allowed
by causality. It is given by p(�) = pcrit+(�−�crit), where
p is the pressure and � the energy density [39]. Their
values �crit and pcrit are taken at the transition density
ncrit from the known low density EoS to the stiffest one.
The causal EoS exerts the highest pressure to balance
the gravity of the neutron star mass and therefore leads
to the highest possible maximum mass. The existence
of such a stiff EoS beyond (2 − 3) n0 can be associated
with the emergence of new physics, such as the appear-
ance of quark matter [40], and could be probed by the
CBM experiment at FAIR in the near future [41]. Pre-
vious studies showed that the highest possible mass can
be expressed as [35, 42–44]:

Mhigh = 4.1 M⊙ (�crit/�0)
−1/2 . (2)

Hereby, the applied EoSs for hadronic matter were ob-
tained from measurements of nuclei at n ∼ n0 and then
extrapolated to higher densities [42, 44, 45]. For such an
approach the reliable fiducial density can only be taken
as �crit = �0 = mn · n0 ∼ 1.4 · 1014g/cm3, which re-
sults in Mhigh ∼ 4.1 M⊙ from Eq.(2). Since for higher
�crit the nuclear EoS is determined via extrapolation
from �0, the corresponding lower values of Mhigh, e.g.
Mhigh ∼ 2.9 M⊙ for �crit = 2 �0 [42, 44, 45], represent
only possible predictions for the highest possible mass,
and depend on the validity of the extrapolation. Results
from the KaoS collaboration, on the other hand, directly
test the EoS for densities n ∼ (2 − 3) n0 and justify
the choice of ncrit in the same range. Consequently,
we will calculate the highest possible masses with the
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FIG. 3: Highest possible masses for compact stars according

to the approach of [22] for different EoS as a function of the

critical density ncrit for the onset of the stiffest possible EoS.

restriction that for ncrit up to (2 − 3) n0 the nucleon
potential should fulfill the results from the analysis of
the KaoS data. For Skyrme type models this restriction
corresponds to K ≤ 200 MeV [46, 47]. For Relativistic
Mean Field (RMF) EoSs, the stiffness of high density nu-
clear matter is determined by the nucleon effective mass
m∗ at n0 and not by K0 [48]. Consequently, the corre-
sponding UN is chosen by varying m∗ for a given K0,
so as to obtain a nucleon potential which is similar to
or even more attractive than the Skyrme parametriza-
tion within the density limits. A more attractive UN at
supra-saturation densities allows a higher compression of
matter for the same bombarding energy, which enhances
multiple scattering processes in subthreshold kaon pro-
duction. Fig. 2 shows that the TM1 [49] parametriza-
tion as well as the Brueckner-Hartree-Fock approxima-
tion (BHF) [50–53] fulfill this requirement. For a RMF
model with n0 = 0.17 fm−3 and K0 = 220 MeV, we ar-
rive at m∗/m = (0.53 − 0.65) for n ∼ (2 − 3) n0 while
for K0 = 250 MeV we obtain m∗/m = (0.54 − 0.67) for
the same density range. Other schemes, such as BSk8
[46], SLy4 [47] or NL3 [54], produce more repulsive po-
tentials than the Skyrme benchmark in the density region
of interest and are therefore ruled out. Fig. 3 shows the
highest possible neutron star masses for ncrit ∼ (2−3)n0

and the discussed EoSs. For ncrit ∼ 2n0, the star is dom-
inated by the stiffest EoS and therefore reaches masses of
up to 3 M⊙. Smaller maximum masses are obtained for
the upper limit of ncrit � 3 n0. The higher ncrit is, the
later is the onset of the stiffest EoS in the star’s interior.
Consequently, less mass is supported and the value for the
highest mass decreases. It can be seen from Fig. 3 that
for the Skyrme type EoS (Skyrme K = 200 MeV, BSk8
or SLy4) the maximum masses are smaller than for the
TM1 or NL3 models. BHF calculations are similar to the
Skyrme type schemes. Finally, for the RMF models with
varying m∗, we observe that the maximum mass is above
the Skyrme type EoS. The smaller m∗ is, the stiffer is the
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most massive stable neutron star configuration depends
strongly on the stiffness of nuclear matter. The softer
the nuclear EoS, the lower is the maximum mass which
can be reached before the star becomes unstable against
collapse to a black hole. Ref. [22] introduced the idea to
use known properties of hadronic matter up to a fiducial
density ncrit. At higher densities, the low density EoS is
smoothly connected to the stiffest possible EoS allowed
by causality. It is given by p(�) = pcrit+(�−�crit), where
p is the pressure and � the energy density [39]. Their
values �crit and pcrit are taken at the transition density
ncrit from the known low density EoS to the stiffest one.
The causal EoS exerts the highest pressure to balance
the gravity of the neutron star mass and therefore leads
to the highest possible maximum mass. The existence
of such a stiff EoS beyond (2 − 3) n0 can be associated
with the emergence of new physics, such as the appear-
ance of quark matter [40], and could be probed by the
CBM experiment at FAIR in the near future [41]. Pre-
vious studies showed that the highest possible mass can
be expressed as [35, 42–44]:

Mhigh = 4.1 M⊙ (�crit/�0)
−1/2 . (2)

Hereby, the applied EoSs for hadronic matter were ob-
tained from measurements of nuclei at n ∼ n0 and then
extrapolated to higher densities [42, 44, 45]. For such an
approach the reliable fiducial density can only be taken
as �crit = �0 = mn · n0 ∼ 1.4 · 1014g/cm3, which re-
sults in Mhigh ∼ 4.1 M⊙ from Eq.(2). Since for higher
�crit the nuclear EoS is determined via extrapolation
from �0, the corresponding lower values of Mhigh, e.g.
Mhigh ∼ 2.9 M⊙ for �crit = 2 �0 [42, 44, 45], represent
only possible predictions for the highest possible mass,
and depend on the validity of the extrapolation. Results
from the KaoS collaboration, on the other hand, directly
test the EoS for densities n ∼ (2 − 3) n0 and justify
the choice of ncrit in the same range. Consequently,
we will calculate the highest possible masses with the
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FIG. 3: Highest possible masses for compact stars according

to the approach of [22] for different EoS as a function of the

critical density ncrit for the onset of the stiffest possible EoS.

restriction that for ncrit up to (2 − 3) n0 the nucleon
potential should fulfill the results from the analysis of
the KaoS data. For Skyrme type models this restriction
corresponds to K ≤ 200 MeV [46, 47]. For Relativistic
Mean Field (RMF) EoSs, the stiffness of high density nu-
clear matter is determined by the nucleon effective mass
m∗ at n0 and not by K0 [48]. Consequently, the corre-
sponding UN is chosen by varying m∗ for a given K0,
so as to obtain a nucleon potential which is similar to
or even more attractive than the Skyrme parametriza-
tion within the density limits. A more attractive UN at
supra-saturation densities allows a higher compression of
matter for the same bombarding energy, which enhances
multiple scattering processes in subthreshold kaon pro-
duction. Fig. 2 shows that the TM1 [49] parametriza-
tion as well as the Brueckner-Hartree-Fock approxima-
tion (BHF) [50–53] fulfill this requirement. For a RMF
model with n0 = 0.17 fm−3 and K0 = 220 MeV, we ar-
rive at m∗/m = (0.53 − 0.65) for n ∼ (2 − 3) n0 while
for K0 = 250 MeV we obtain m∗/m = (0.54 − 0.67) for
the same density range. Other schemes, such as BSk8
[46], SLy4 [47] or NL3 [54], produce more repulsive po-
tentials than the Skyrme benchmark in the density region
of interest and are therefore ruled out. Fig. 3 shows the
highest possible neutron star masses for ncrit ∼ (2−3)n0

and the discussed EoSs. For ncrit ∼ 2n0, the star is dom-
inated by the stiffest EoS and therefore reaches masses of
up to 3 M⊙. Smaller maximum masses are obtained for
the upper limit of ncrit � 3 n0. The higher ncrit is, the
later is the onset of the stiffest EoS in the star’s interior.
Consequently, less mass is supported and the value for the
highest mass decreases. It can be seen from Fig. 3 that
for the Skyrme type EoS (Skyrme K = 200 MeV, BSk8
or SLy4) the maximum masses are smaller than for the
TM1 or NL3 models. BHF calculations are similar to the
Skyrme type schemes. Finally, for the RMF models with
varying m∗, we observe that the maximum mass is above
the Skyrme type EoS. The smaller m∗ is, the stiffer is the
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most massive stable neutron star configuration depends
strongly on the stiffness of nuclear matter. The softer
the nuclear EoS, the lower is the maximum mass which
can be reached before the star becomes unstable against
collapse to a black hole. Ref. [22] introduced the idea to
use known properties of hadronic matter up to a fiducial
density ncrit. At higher densities, the low density EoS is
smoothly connected to the stiffest possible EoS allowed
by causality. It is given by p(�) = pcrit+(�−�crit), where
p is the pressure and � the energy density [39]. Their
values �crit and pcrit are taken at the transition density
ncrit from the known low density EoS to the stiffest one.
The causal EoS exerts the highest pressure to balance
the gravity of the neutron star mass and therefore leads
to the highest possible maximum mass. The existence
of such a stiff EoS beyond (2 − 3) n0 can be associated
with the emergence of new physics, such as the appear-
ance of quark matter [40], and could be probed by the
CBM experiment at FAIR in the near future [41]. Pre-
vious studies showed that the highest possible mass can
be expressed as [35, 42–44]:

Mhigh = 4.1 M⊙ (�crit/�0)
−1/2 . (2)

Hereby, the applied EoSs for hadronic matter were ob-
tained from measurements of nuclei at n ∼ n0 and then
extrapolated to higher densities [42, 44, 45]. For such an
approach the reliable fiducial density can only be taken
as �crit = �0 = mn · n0 ∼ 1.4 · 1014g/cm3, which re-
sults in Mhigh ∼ 4.1 M⊙ from Eq.(2). Since for higher
�crit the nuclear EoS is determined via extrapolation
from �0, the corresponding lower values of Mhigh, e.g.
Mhigh ∼ 2.9 M⊙ for �crit = 2 �0 [42, 44, 45], represent
only possible predictions for the highest possible mass,
and depend on the validity of the extrapolation. Results
from the KaoS collaboration, on the other hand, directly
test the EoS for densities n ∼ (2 − 3) n0 and justify
the choice of ncrit in the same range. Consequently,
we will calculate the highest possible masses with the
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restriction that for ncrit up to (2 − 3) n0 the nucleon
potential should fulfill the results from the analysis of
the KaoS data. For Skyrme type models this restriction
corresponds to K ≤ 200 MeV [46, 47]. For Relativistic
Mean Field (RMF) EoSs, the stiffness of high density nu-
clear matter is determined by the nucleon effective mass
m∗ at n0 and not by K0 [48]. Consequently, the corre-
sponding UN is chosen by varying m∗ for a given K0,
so as to obtain a nucleon potential which is similar to
or even more attractive than the Skyrme parametriza-
tion within the density limits. A more attractive UN at
supra-saturation densities allows a higher compression of
matter for the same bombarding energy, which enhances
multiple scattering processes in subthreshold kaon pro-
duction. Fig. 2 shows that the TM1 [49] parametriza-
tion as well as the Brueckner-Hartree-Fock approxima-
tion (BHF) [50–53] fulfill this requirement. For a RMF
model with n0 = 0.17 fm−3 and K0 = 220 MeV, we ar-
rive at m∗/m = (0.53 − 0.65) for n ∼ (2 − 3) n0 while
for K0 = 250 MeV we obtain m∗/m = (0.54 − 0.67) for
the same density range. Other schemes, such as BSk8
[46], SLy4 [47] or NL3 [54], produce more repulsive po-
tentials than the Skyrme benchmark in the density region
of interest and are therefore ruled out. Fig. 3 shows the
highest possible neutron star masses for ncrit ∼ (2−3)n0

and the discussed EoSs. For ncrit ∼ 2n0, the star is dom-
inated by the stiffest EoS and therefore reaches masses of
up to 3 M⊙. Smaller maximum masses are obtained for
the upper limit of ncrit � 3 n0. The higher ncrit is, the
later is the onset of the stiffest EoS in the star’s interior.
Consequently, less mass is supported and the value for the
highest mass decreases. It can be seen from Fig. 3 that
for the Skyrme type EoS (Skyrme K = 200 MeV, BSk8
or SLy4) the maximum masses are smaller than for the
TM1 or NL3 models. BHF calculations are similar to the
Skyrme type schemes. Finally, for the RMF models with
varying m∗, we observe that the maximum mass is above
the Skyrme type EoS. The smaller m∗ is, the stiffer is the
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FIG. 2: The nucleon potential as a function of the baryon

number density for different models. The vertical thin lines

indicate different densities for the onset of the stiffest EoS.

most massive stable neutron star configuration depends
strongly on the stiffness of nuclear matter. The softer
the nuclear EoS, the lower is the maximum mass which
can be reached before the star becomes unstable against
collapse to a black hole. Ref. [22] introduced the idea to
use known properties of hadronic matter up to a fiducial
density ncrit. At higher densities, the low density EoS is
smoothly connected to the stiffest possible EoS allowed
by causality. It is given by p(�) = pcrit+(�−�crit), where
p is the pressure and � the energy density [39]. Their
values �crit and pcrit are taken at the transition density
ncrit from the known low density EoS to the stiffest one.
The causal EoS exerts the highest pressure to balance
the gravity of the neutron star mass and therefore leads
to the highest possible maximum mass. The existence
of such a stiff EoS beyond (2 − 3) n0 can be associated
with the emergence of new physics, such as the appear-
ance of quark matter [40], and could be probed by the
CBM experiment at FAIR in the near future [41]. Pre-
vious studies showed that the highest possible mass can
be expressed as [35, 42–44]:

Mhigh = 4.1 M⊙ (�crit/�0)
−1/2 . (2)

Hereby, the applied EoSs for hadronic matter were ob-
tained from measurements of nuclei at n ∼ n0 and then
extrapolated to higher densities [42, 44, 45]. For such an
approach the reliable fiducial density can only be taken
as �crit = �0 = mn · n0 ∼ 1.4 · 1014g/cm3, which re-
sults in Mhigh ∼ 4.1 M⊙ from Eq.(2). Since for higher
�crit the nuclear EoS is determined via extrapolation
from �0, the corresponding lower values of Mhigh, e.g.
Mhigh ∼ 2.9 M⊙ for �crit = 2 �0 [42, 44, 45], represent
only possible predictions for the highest possible mass,
and depend on the validity of the extrapolation. Results
from the KaoS collaboration, on the other hand, directly
test the EoS for densities n ∼ (2 − 3) n0 and justify
the choice of ncrit in the same range. Consequently,
we will calculate the highest possible masses with the
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FIG. 3: Highest possible masses for compact stars according

to the approach of [22] for different EoS as a function of the

critical density ncrit for the onset of the stiffest possible EoS.

restriction that for ncrit up to (2 − 3) n0 the nucleon
potential should fulfill the results from the analysis of
the KaoS data. For Skyrme type models this restriction
corresponds to K ≤ 200 MeV [46, 47]. For Relativistic
Mean Field (RMF) EoSs, the stiffness of high density nu-
clear matter is determined by the nucleon effective mass
m∗ at n0 and not by K0 [48]. Consequently, the corre-
sponding UN is chosen by varying m∗ for a given K0,
so as to obtain a nucleon potential which is similar to
or even more attractive than the Skyrme parametriza-
tion within the density limits. A more attractive UN at
supra-saturation densities allows a higher compression of
matter for the same bombarding energy, which enhances
multiple scattering processes in subthreshold kaon pro-
duction. Fig. 2 shows that the TM1 [49] parametriza-
tion as well as the Brueckner-Hartree-Fock approxima-
tion (BHF) [50–53] fulfill this requirement. For a RMF
model with n0 = 0.17 fm−3 and K0 = 220 MeV, we ar-
rive at m∗/m = (0.53 − 0.65) for n ∼ (2 − 3) n0 while
for K0 = 250 MeV we obtain m∗/m = (0.54 − 0.67) for
the same density range. Other schemes, such as BSk8
[46], SLy4 [47] or NL3 [54], produce more repulsive po-
tentials than the Skyrme benchmark in the density region
of interest and are therefore ruled out. Fig. 3 shows the
highest possible neutron star masses for ncrit ∼ (2−3)n0

and the discussed EoSs. For ncrit ∼ 2n0, the star is dom-
inated by the stiffest EoS and therefore reaches masses of
up to 3 M⊙. Smaller maximum masses are obtained for
the upper limit of ncrit � 3 n0. The higher ncrit is, the
later is the onset of the stiffest EoS in the star’s interior.
Consequently, less mass is supported and the value for the
highest mass decreases. It can be seen from Fig. 3 that
for the Skyrme type EoS (Skyrme K = 200 MeV, BSk8
or SLy4) the maximum masses are smaller than for the
TM1 or NL3 models. BHF calculations are similar to the
Skyrme type schemes. Finally, for the RMF models with
varying m∗, we observe that the maximum mass is above
the Skyrme type EoS. The smaller m∗ is, the stiffer is the
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most massive stable neutron star configuration depends
strongly on the stiffness of nuclear matter. The softer
the nuclear EoS, the lower is the maximum mass which
can be reached before the star becomes unstable against
collapse to a black hole. Ref. [22] introduced the idea to
use known properties of hadronic matter up to a fiducial
density ncrit. At higher densities, the low density EoS is
smoothly connected to the stiffest possible EoS allowed
by causality. It is given by p(�) = pcrit+(�−�crit), where
p is the pressure and � the energy density [39]. Their
values �crit and pcrit are taken at the transition density
ncrit from the known low density EoS to the stiffest one.
The causal EoS exerts the highest pressure to balance
the gravity of the neutron star mass and therefore leads
to the highest possible maximum mass. The existence
of such a stiff EoS beyond (2 − 3) n0 can be associated
with the emergence of new physics, such as the appear-
ance of quark matter [40], and could be probed by the
CBM experiment at FAIR in the near future [41]. Pre-
vious studies showed that the highest possible mass can
be expressed as [35, 42–44]:

Mhigh = 4.1 M⊙ (�crit/�0)
−1/2 . (2)

Hereby, the applied EoSs for hadronic matter were ob-
tained from measurements of nuclei at n ∼ n0 and then
extrapolated to higher densities [42, 44, 45]. For such an
approach the reliable fiducial density can only be taken
as �crit = �0 = mn · n0 ∼ 1.4 · 1014g/cm3, which re-
sults in Mhigh ∼ 4.1 M⊙ from Eq.(2). Since for higher
�crit the nuclear EoS is determined via extrapolation
from �0, the corresponding lower values of Mhigh, e.g.
Mhigh ∼ 2.9 M⊙ for �crit = 2 �0 [42, 44, 45], represent
only possible predictions for the highest possible mass,
and depend on the validity of the extrapolation. Results
from the KaoS collaboration, on the other hand, directly
test the EoS for densities n ∼ (2 − 3) n0 and justify
the choice of ncrit in the same range. Consequently,
we will calculate the highest possible masses with the
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restriction that for ncrit up to (2 − 3) n0 the nucleon
potential should fulfill the results from the analysis of
the KaoS data. For Skyrme type models this restriction
corresponds to K ≤ 200 MeV [46, 47]. For Relativistic
Mean Field (RMF) EoSs, the stiffness of high density nu-
clear matter is determined by the nucleon effective mass
m∗ at n0 and not by K0 [48]. Consequently, the corre-
sponding UN is chosen by varying m∗ for a given K0,
so as to obtain a nucleon potential which is similar to
or even more attractive than the Skyrme parametriza-
tion within the density limits. A more attractive UN at
supra-saturation densities allows a higher compression of
matter for the same bombarding energy, which enhances
multiple scattering processes in subthreshold kaon pro-
duction. Fig. 2 shows that the TM1 [49] parametriza-
tion as well as the Brueckner-Hartree-Fock approxima-
tion (BHF) [50–53] fulfill this requirement. For a RMF
model with n0 = 0.17 fm−3 and K0 = 220 MeV, we ar-
rive at m∗/m = (0.53 − 0.65) for n ∼ (2 − 3) n0 while
for K0 = 250 MeV we obtain m∗/m = (0.54 − 0.67) for
the same density range. Other schemes, such as BSk8
[46], SLy4 [47] or NL3 [54], produce more repulsive po-
tentials than the Skyrme benchmark in the density region
of interest and are therefore ruled out. Fig. 3 shows the
highest possible neutron star masses for ncrit ∼ (2−3)n0

and the discussed EoSs. For ncrit ∼ 2n0, the star is dom-
inated by the stiffest EoS and therefore reaches masses of
up to 3 M⊙. Smaller maximum masses are obtained for
the upper limit of ncrit � 3 n0. The higher ncrit is, the
later is the onset of the stiffest EoS in the star’s interior.
Consequently, less mass is supported and the value for the
highest mass decreases. It can be seen from Fig. 3 that
for the Skyrme type EoS (Skyrme K = 200 MeV, BSk8
or SLy4) the maximum masses are smaller than for the
TM1 or NL3 models. BHF calculations are similar to the
Skyrme type schemes. Finally, for the RMF models with
varying m∗, we observe that the maximum mass is above
the Skyrme type EoS. The smaller m∗ is, the stiffer is the
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most massive stable neutron star configuration depends
strongly on the stiffness of nuclear matter. The softer
the nuclear EoS, the lower is the maximum mass which
can be reached before the star becomes unstable against
collapse to a black hole. Ref. [22] introduced the idea to
use known properties of hadronic matter up to a fiducial
density ncrit. At higher densities, the low density EoS is
smoothly connected to the stiffest possible EoS allowed
by causality. It is given by p(�) = pcrit+(�−�crit), where
p is the pressure and � the energy density [39]. Their
values �crit and pcrit are taken at the transition density
ncrit from the known low density EoS to the stiffest one.
The causal EoS exerts the highest pressure to balance
the gravity of the neutron star mass and therefore leads
to the highest possible maximum mass. The existence
of such a stiff EoS beyond (2 − 3) n0 can be associated
with the emergence of new physics, such as the appear-
ance of quark matter [40], and could be probed by the
CBM experiment at FAIR in the near future [41]. Pre-
vious studies showed that the highest possible mass can
be expressed as [35, 42–44]:

Mhigh = 4.1 M⊙ (�crit/�0)
−1/2 . (2)

Hereby, the applied EoSs for hadronic matter were ob-
tained from measurements of nuclei at n ∼ n0 and then
extrapolated to higher densities [42, 44, 45]. For such an
approach the reliable fiducial density can only be taken
as �crit = �0 = mn · n0 ∼ 1.4 · 1014g/cm3, which re-
sults in Mhigh ∼ 4.1 M⊙ from Eq.(2). Since for higher
�crit the nuclear EoS is determined via extrapolation
from �0, the corresponding lower values of Mhigh, e.g.
Mhigh ∼ 2.9 M⊙ for �crit = 2 �0 [42, 44, 45], represent
only possible predictions for the highest possible mass,
and depend on the validity of the extrapolation. Results
from the KaoS collaboration, on the other hand, directly
test the EoS for densities n ∼ (2 − 3) n0 and justify
the choice of ncrit in the same range. Consequently,
we will calculate the highest possible masses with the
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to the approach of [22] for different EoS as a function of the

critical density ncrit for the onset of the stiffest possible EoS.

restriction that for ncrit up to (2 − 3) n0 the nucleon
potential should fulfill the results from the analysis of
the KaoS data. For Skyrme type models this restriction
corresponds to K ≤ 200 MeV [46, 47]. For Relativistic
Mean Field (RMF) EoSs, the stiffness of high density nu-
clear matter is determined by the nucleon effective mass
m∗ at n0 and not by K0 [48]. Consequently, the corre-
sponding UN is chosen by varying m∗ for a given K0,
so as to obtain a nucleon potential which is similar to
or even more attractive than the Skyrme parametriza-
tion within the density limits. A more attractive UN at
supra-saturation densities allows a higher compression of
matter for the same bombarding energy, which enhances
multiple scattering processes in subthreshold kaon pro-
duction. Fig. 2 shows that the TM1 [49] parametriza-
tion as well as the Brueckner-Hartree-Fock approxima-
tion (BHF) [50–53] fulfill this requirement. For a RMF
model with n0 = 0.17 fm−3 and K0 = 220 MeV, we ar-
rive at m∗/m = (0.53 − 0.65) for n ∼ (2 − 3) n0 while
for K0 = 250 MeV we obtain m∗/m = (0.54 − 0.67) for
the same density range. Other schemes, such as BSk8
[46], SLy4 [47] or NL3 [54], produce more repulsive po-
tentials than the Skyrme benchmark in the density region
of interest and are therefore ruled out. Fig. 3 shows the
highest possible neutron star masses for ncrit ∼ (2−3)n0

and the discussed EoSs. For ncrit ∼ 2n0, the star is dom-
inated by the stiffest EoS and therefore reaches masses of
up to 3 M⊙. Smaller maximum masses are obtained for
the upper limit of ncrit � 3 n0. The higher ncrit is, the
later is the onset of the stiffest EoS in the star’s interior.
Consequently, less mass is supported and the value for the
highest mass decreases. It can be seen from Fig. 3 that
for the Skyrme type EoS (Skyrme K = 200 MeV, BSk8
or SLy4) the maximum masses are smaller than for the
TM1 or NL3 models. BHF calculations are similar to the
Skyrme type schemes. Finally, for the RMF models with
varying m∗, we observe that the maximum mass is above
the Skyrme type EoS. The smaller m∗ is, the stiffer is the
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most massive stable neutron star configuration depends
strongly on the stiffness of nuclear matter. The softer
the nuclear EoS, the lower is the maximum mass which
can be reached before the star becomes unstable against
collapse to a black hole. Ref. [22] introduced the idea to
use known properties of hadronic matter up to a fiducial
density ncrit. At higher densities, the low density EoS is
smoothly connected to the stiffest possible EoS allowed
by causality. It is given by p(�) = pcrit+(�−�crit), where
p is the pressure and � the energy density [39]. Their
values �crit and pcrit are taken at the transition density
ncrit from the known low density EoS to the stiffest one.
The causal EoS exerts the highest pressure to balance
the gravity of the neutron star mass and therefore leads
to the highest possible maximum mass. The existence
of such a stiff EoS beyond (2 − 3) n0 can be associated
with the emergence of new physics, such as the appear-
ance of quark matter [40], and could be probed by the
CBM experiment at FAIR in the near future [41]. Pre-
vious studies showed that the highest possible mass can
be expressed as [35, 42–44]:

Mhigh = 4.1 M⊙ (�crit/�0)
−1/2 . (2)

Hereby, the applied EoSs for hadronic matter were ob-
tained from measurements of nuclei at n ∼ n0 and then
extrapolated to higher densities [42, 44, 45]. For such an
approach the reliable fiducial density can only be taken
as �crit = �0 = mn · n0 ∼ 1.4 · 1014g/cm3, which re-
sults in Mhigh ∼ 4.1 M⊙ from Eq.(2). Since for higher
�crit the nuclear EoS is determined via extrapolation
from �0, the corresponding lower values of Mhigh, e.g.
Mhigh ∼ 2.9 M⊙ for �crit = 2 �0 [42, 44, 45], represent
only possible predictions for the highest possible mass,
and depend on the validity of the extrapolation. Results
from the KaoS collaboration, on the other hand, directly
test the EoS for densities n ∼ (2 − 3) n0 and justify
the choice of ncrit in the same range. Consequently,
we will calculate the highest possible masses with the

0.34 0.36 0.38 0.4 0.42 0.44 0.46 0.48 0.5
ncrit [fm

-3]

2.4

2.6

2.8

3

3.2

M
/M

so
l

Skyrme K=200 MeV
BHFTM1
BSk8
SLy4
NL3RMF, K0=220 MeV
RMF, K0=250 MeV

FIG. 3: Highest possible masses for compact stars according

to the approach of [22] for different EoS as a function of the

critical density ncrit for the onset of the stiffest possible EoS.

restriction that for ncrit up to (2 − 3) n0 the nucleon
potential should fulfill the results from the analysis of
the KaoS data. For Skyrme type models this restriction
corresponds to K ≤ 200 MeV [46, 47]. For Relativistic
Mean Field (RMF) EoSs, the stiffness of high density nu-
clear matter is determined by the nucleon effective mass
m∗ at n0 and not by K0 [48]. Consequently, the corre-
sponding UN is chosen by varying m∗ for a given K0,
so as to obtain a nucleon potential which is similar to
or even more attractive than the Skyrme parametriza-
tion within the density limits. A more attractive UN at
supra-saturation densities allows a higher compression of
matter for the same bombarding energy, which enhances
multiple scattering processes in subthreshold kaon pro-
duction. Fig. 2 shows that the TM1 [49] parametriza-
tion as well as the Brueckner-Hartree-Fock approxima-
tion (BHF) [50–53] fulfill this requirement. For a RMF
model with n0 = 0.17 fm−3 and K0 = 220 MeV, we ar-
rive at m∗/m = (0.53 − 0.65) for n ∼ (2 − 3) n0 while
for K0 = 250 MeV we obtain m∗/m = (0.54 − 0.67) for
the same density range. Other schemes, such as BSk8
[46], SLy4 [47] or NL3 [54], produce more repulsive po-
tentials than the Skyrme benchmark in the density region
of interest and are therefore ruled out. Fig. 3 shows the
highest possible neutron star masses for ncrit ∼ (2−3)n0

and the discussed EoSs. For ncrit ∼ 2n0, the star is dom-
inated by the stiffest EoS and therefore reaches masses of
up to 3 M⊙. Smaller maximum masses are obtained for
the upper limit of ncrit � 3 n0. The higher ncrit is, the
later is the onset of the stiffest EoS in the star’s interior.
Consequently, less mass is supported and the value for the
highest mass decreases. It can be seen from Fig. 3 that
for the Skyrme type EoS (Skyrme K = 200 MeV, BSk8
or SLy4) the maximum masses are smaller than for the
TM1 or NL3 models. BHF calculations are similar to the
Skyrme type schemes. Finally, for the RMF models with
varying m∗, we observe that the maximum mass is above
the Skyrme type EoS. The smaller m∗ is, the stiffer is the
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number density for different models. The vertical thin lines

indicate different densities for the onset of the stiffest EoS.

most massive stable neutron star configuration depends
strongly on the stiffness of nuclear matter. The softer
the nuclear EoS, the lower is the maximum mass which
can be reached before the star becomes unstable against
collapse to a black hole. Ref. [22] introduced the idea to
use known properties of hadronic matter up to a fiducial
density ncrit. At higher densities, the low density EoS is
smoothly connected to the stiffest possible EoS allowed
by causality. It is given by p(�) = pcrit+(�−�crit), where
p is the pressure and � the energy density [39]. Their
values �crit and pcrit are taken at the transition density
ncrit from the known low density EoS to the stiffest one.
The causal EoS exerts the highest pressure to balance
the gravity of the neutron star mass and therefore leads
to the highest possible maximum mass. The existence
of such a stiff EoS beyond (2 − 3) n0 can be associated
with the emergence of new physics, such as the appear-
ance of quark matter [40], and could be probed by the
CBM experiment at FAIR in the near future [41]. Pre-
vious studies showed that the highest possible mass can
be expressed as [35, 42–44]:

Mhigh = 4.1 M⊙ (�crit/�0)
−1/2 . (2)

Hereby, the applied EoSs for hadronic matter were ob-
tained from measurements of nuclei at n ∼ n0 and then
extrapolated to higher densities [42, 44, 45]. For such an
approach the reliable fiducial density can only be taken
as �crit = �0 = mn · n0 ∼ 1.4 · 1014g/cm3, which re-
sults in Mhigh ∼ 4.1 M⊙ from Eq.(2). Since for higher
�crit the nuclear EoS is determined via extrapolation
from �0, the corresponding lower values of Mhigh, e.g.
Mhigh ∼ 2.9 M⊙ for �crit = 2 �0 [42, 44, 45], represent
only possible predictions for the highest possible mass,
and depend on the validity of the extrapolation. Results
from the KaoS collaboration, on the other hand, directly
test the EoS for densities n ∼ (2 − 3) n0 and justify
the choice of ncrit in the same range. Consequently,
we will calculate the highest possible masses with the
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FIG. 3: Highest possible masses for compact stars according

to the approach of [22] for different EoS as a function of the

critical density ncrit for the onset of the stiffest possible EoS.

restriction that for ncrit up to (2 − 3) n0 the nucleon
potential should fulfill the results from the analysis of
the KaoS data. For Skyrme type models this restriction
corresponds to K ≤ 200 MeV [46, 47]. For Relativistic
Mean Field (RMF) EoSs, the stiffness of high density nu-
clear matter is determined by the nucleon effective mass
m∗ at n0 and not by K0 [48]. Consequently, the corre-
sponding UN is chosen by varying m∗ for a given K0,
so as to obtain a nucleon potential which is similar to
or even more attractive than the Skyrme parametriza-
tion within the density limits. A more attractive UN at
supra-saturation densities allows a higher compression of
matter for the same bombarding energy, which enhances
multiple scattering processes in subthreshold kaon pro-
duction. Fig. 2 shows that the TM1 [49] parametriza-
tion as well as the Brueckner-Hartree-Fock approxima-
tion (BHF) [50–53] fulfill this requirement. For a RMF
model with n0 = 0.17 fm−3 and K0 = 220 MeV, we ar-
rive at m∗/m = (0.53 − 0.65) for n ∼ (2 − 3) n0 while
for K0 = 250 MeV we obtain m∗/m = (0.54 − 0.67) for
the same density range. Other schemes, such as BSk8
[46], SLy4 [47] or NL3 [54], produce more repulsive po-
tentials than the Skyrme benchmark in the density region
of interest and are therefore ruled out. Fig. 3 shows the
highest possible neutron star masses for ncrit ∼ (2−3)n0

and the discussed EoSs. For ncrit ∼ 2n0, the star is dom-
inated by the stiffest EoS and therefore reaches masses of
up to 3 M⊙. Smaller maximum masses are obtained for
the upper limit of ncrit � 3 n0. The higher ncrit is, the
later is the onset of the stiffest EoS in the star’s interior.
Consequently, less mass is supported and the value for the
highest mass decreases. It can be seen from Fig. 3 that
for the Skyrme type EoS (Skyrme K = 200 MeV, BSk8
or SLy4) the maximum masses are smaller than for the
TM1 or NL3 models. BHF calculations are similar to the
Skyrme type schemes. Finally, for the RMF models with
varying m∗, we observe that the maximum mass is above
the Skyrme type EoS. The smaller m∗ is, the stiffer is the

Maximally allowed gravitational mass 

I. Sagert, L.Tolos, D. C., J. Schaffner-Bielich and C. Sturm,
 arXiv :1112.0234

Thursday 14 June 2012



3

0 0.1 0.2 0.3 0.4 0.5
n[fm-3]

-150

-100

-50

0

50

U
N
[M

eV
]

KaoS constraintBHFTM1
BSk8SLy4
NL3
RMF, m*/m=0.61, K0=220 MeV
RMF, m*/m=0.62, K0=250 MeV

2n0 2.5n0 3n0

FIG. 2: The nucleon potential as a function of the baryon

number density for different models. The vertical thin lines

indicate different densities for the onset of the stiffest EoS.

most massive stable neutron star configuration depends
strongly on the stiffness of nuclear matter. The softer
the nuclear EoS, the lower is the maximum mass which
can be reached before the star becomes unstable against
collapse to a black hole. Ref. [22] introduced the idea to
use known properties of hadronic matter up to a fiducial
density ncrit. At higher densities, the low density EoS is
smoothly connected to the stiffest possible EoS allowed
by causality. It is given by p(�) = pcrit+(�−�crit), where
p is the pressure and � the energy density [39]. Their
values �crit and pcrit are taken at the transition density
ncrit from the known low density EoS to the stiffest one.
The causal EoS exerts the highest pressure to balance
the gravity of the neutron star mass and therefore leads
to the highest possible maximum mass. The existence
of such a stiff EoS beyond (2 − 3) n0 can be associated
with the emergence of new physics, such as the appear-
ance of quark matter [40], and could be probed by the
CBM experiment at FAIR in the near future [41]. Pre-
vious studies showed that the highest possible mass can
be expressed as [35, 42–44]:

Mhigh = 4.1 M⊙ (�crit/�0)
−1/2 . (2)

Hereby, the applied EoSs for hadronic matter were ob-
tained from measurements of nuclei at n ∼ n0 and then
extrapolated to higher densities [42, 44, 45]. For such an
approach the reliable fiducial density can only be taken
as �crit = �0 = mn · n0 ∼ 1.4 · 1014g/cm3, which re-
sults in Mhigh ∼ 4.1 M⊙ from Eq.(2). Since for higher
�crit the nuclear EoS is determined via extrapolation
from �0, the corresponding lower values of Mhigh, e.g.
Mhigh ∼ 2.9 M⊙ for �crit = 2 �0 [42, 44, 45], represent
only possible predictions for the highest possible mass,
and depend on the validity of the extrapolation. Results
from the KaoS collaboration, on the other hand, directly
test the EoS for densities n ∼ (2 − 3) n0 and justify
the choice of ncrit in the same range. Consequently,
we will calculate the highest possible masses with the
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FIG. 3: Highest possible masses for compact stars according

to the approach of [22] for different EoS as a function of the

critical density ncrit for the onset of the stiffest possible EoS.

restriction that for ncrit up to (2 − 3) n0 the nucleon
potential should fulfill the results from the analysis of
the KaoS data. For Skyrme type models this restriction
corresponds to K ≤ 200 MeV [46, 47]. For Relativistic
Mean Field (RMF) EoSs, the stiffness of high density nu-
clear matter is determined by the nucleon effective mass
m∗ at n0 and not by K0 [48]. Consequently, the corre-
sponding UN is chosen by varying m∗ for a given K0,
so as to obtain a nucleon potential which is similar to
or even more attractive than the Skyrme parametriza-
tion within the density limits. A more attractive UN at
supra-saturation densities allows a higher compression of
matter for the same bombarding energy, which enhances
multiple scattering processes in subthreshold kaon pro-
duction. Fig. 2 shows that the TM1 [49] parametriza-
tion as well as the Brueckner-Hartree-Fock approxima-
tion (BHF) [50–53] fulfill this requirement. For a RMF
model with n0 = 0.17 fm−3 and K0 = 220 MeV, we ar-
rive at m∗/m = (0.53 − 0.65) for n ∼ (2 − 3) n0 while
for K0 = 250 MeV we obtain m∗/m = (0.54 − 0.67) for
the same density range. Other schemes, such as BSk8
[46], SLy4 [47] or NL3 [54], produce more repulsive po-
tentials than the Skyrme benchmark in the density region
of interest and are therefore ruled out. Fig. 3 shows the
highest possible neutron star masses for ncrit ∼ (2−3)n0

and the discussed EoSs. For ncrit ∼ 2n0, the star is dom-
inated by the stiffest EoS and therefore reaches masses of
up to 3 M⊙. Smaller maximum masses are obtained for
the upper limit of ncrit � 3 n0. The higher ncrit is, the
later is the onset of the stiffest EoS in the star’s interior.
Consequently, less mass is supported and the value for the
highest mass decreases. It can be seen from Fig. 3 that
for the Skyrme type EoS (Skyrme K = 200 MeV, BSk8
or SLy4) the maximum masses are smaller than for the
TM1 or NL3 models. BHF calculations are similar to the
Skyrme type schemes. Finally, for the RMF models with
varying m∗, we observe that the maximum mass is above
the Skyrme type EoS. The smaller m∗ is, the stiffer is the
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FIG. 2: The nucleon potential as a function of the baryon

number density for different models. The vertical thin lines

indicate different densities for the onset of the stiffest EoS.

most massive stable neutron star configuration depends
strongly on the stiffness of nuclear matter. The softer
the nuclear EoS, the lower is the maximum mass which
can be reached before the star becomes unstable against
collapse to a black hole. Ref. [22] introduced the idea to
use known properties of hadronic matter up to a fiducial
density ncrit. At higher densities, the low density EoS is
smoothly connected to the stiffest possible EoS allowed
by causality. It is given by p(�) = pcrit+(�−�crit), where
p is the pressure and � the energy density [39]. Their
values �crit and pcrit are taken at the transition density
ncrit from the known low density EoS to the stiffest one.
The causal EoS exerts the highest pressure to balance
the gravity of the neutron star mass and therefore leads
to the highest possible maximum mass. The existence
of such a stiff EoS beyond (2 − 3) n0 can be associated
with the emergence of new physics, such as the appear-
ance of quark matter [40], and could be probed by the
CBM experiment at FAIR in the near future [41]. Pre-
vious studies showed that the highest possible mass can
be expressed as [35, 42–44]:

Mhigh = 4.1 M⊙ (�crit/�0)
−1/2 . (2)

Hereby, the applied EoSs for hadronic matter were ob-
tained from measurements of nuclei at n ∼ n0 and then
extrapolated to higher densities [42, 44, 45]. For such an
approach the reliable fiducial density can only be taken
as �crit = �0 = mn · n0 ∼ 1.4 · 1014g/cm3, which re-
sults in Mhigh ∼ 4.1 M⊙ from Eq.(2). Since for higher
�crit the nuclear EoS is determined via extrapolation
from �0, the corresponding lower values of Mhigh, e.g.
Mhigh ∼ 2.9 M⊙ for �crit = 2 �0 [42, 44, 45], represent
only possible predictions for the highest possible mass,
and depend on the validity of the extrapolation. Results
from the KaoS collaboration, on the other hand, directly
test the EoS for densities n ∼ (2 − 3) n0 and justify
the choice of ncrit in the same range. Consequently,
we will calculate the highest possible masses with the
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FIG. 3: Highest possible masses for compact stars according

to the approach of [22] for different EoS as a function of the

critical density ncrit for the onset of the stiffest possible EoS.

restriction that for ncrit up to (2 − 3) n0 the nucleon
potential should fulfill the results from the analysis of
the KaoS data. For Skyrme type models this restriction
corresponds to K ≤ 200 MeV [46, 47]. For Relativistic
Mean Field (RMF) EoSs, the stiffness of high density nu-
clear matter is determined by the nucleon effective mass
m∗ at n0 and not by K0 [48]. Consequently, the corre-
sponding UN is chosen by varying m∗ for a given K0,
so as to obtain a nucleon potential which is similar to
or even more attractive than the Skyrme parametriza-
tion within the density limits. A more attractive UN at
supra-saturation densities allows a higher compression of
matter for the same bombarding energy, which enhances
multiple scattering processes in subthreshold kaon pro-
duction. Fig. 2 shows that the TM1 [49] parametriza-
tion as well as the Brueckner-Hartree-Fock approxima-
tion (BHF) [50–53] fulfill this requirement. For a RMF
model with n0 = 0.17 fm−3 and K0 = 220 MeV, we ar-
rive at m∗/m = (0.53 − 0.65) for n ∼ (2 − 3) n0 while
for K0 = 250 MeV we obtain m∗/m = (0.54 − 0.67) for
the same density range. Other schemes, such as BSk8
[46], SLy4 [47] or NL3 [54], produce more repulsive po-
tentials than the Skyrme benchmark in the density region
of interest and are therefore ruled out. Fig. 3 shows the
highest possible neutron star masses for ncrit ∼ (2−3)n0

and the discussed EoSs. For ncrit ∼ 2n0, the star is dom-
inated by the stiffest EoS and therefore reaches masses of
up to 3 M⊙. Smaller maximum masses are obtained for
the upper limit of ncrit � 3 n0. The higher ncrit is, the
later is the onset of the stiffest EoS in the star’s interior.
Consequently, less mass is supported and the value for the
highest mass decreases. It can be seen from Fig. 3 that
for the Skyrme type EoS (Skyrme K = 200 MeV, BSk8
or SLy4) the maximum masses are smaller than for the
TM1 or NL3 models. BHF calculations are similar to the
Skyrme type schemes. Finally, for the RMF models with
varying m∗, we observe that the maximum mass is above
the Skyrme type EoS. The smaller m∗ is, the stiffer is the
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FIG. 2: The nucleon potential as a function of the baryon
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indicate different densities for the onset of the stiffest EoS.

most massive stable neutron star configuration depends
strongly on the stiffness of nuclear matter. The softer
the nuclear EoS, the lower is the maximum mass which
can be reached before the star becomes unstable against
collapse to a black hole. Ref. [22] introduced the idea to
use known properties of hadronic matter up to a fiducial
density ncrit. At higher densities, the low density EoS is
smoothly connected to the stiffest possible EoS allowed
by causality. It is given by p(�) = pcrit+(�−�crit), where
p is the pressure and � the energy density [39]. Their
values �crit and pcrit are taken at the transition density
ncrit from the known low density EoS to the stiffest one.
The causal EoS exerts the highest pressure to balance
the gravity of the neutron star mass and therefore leads
to the highest possible maximum mass. The existence
of such a stiff EoS beyond (2 − 3) n0 can be associated
with the emergence of new physics, such as the appear-
ance of quark matter [40], and could be probed by the
CBM experiment at FAIR in the near future [41]. Pre-
vious studies showed that the highest possible mass can
be expressed as [35, 42–44]:

Mhigh = 4.1 M⊙ (�crit/�0)
−1/2 . (2)

Hereby, the applied EoSs for hadronic matter were ob-
tained from measurements of nuclei at n ∼ n0 and then
extrapolated to higher densities [42, 44, 45]. For such an
approach the reliable fiducial density can only be taken
as �crit = �0 = mn · n0 ∼ 1.4 · 1014g/cm3, which re-
sults in Mhigh ∼ 4.1 M⊙ from Eq.(2). Since for higher
�crit the nuclear EoS is determined via extrapolation
from �0, the corresponding lower values of Mhigh, e.g.
Mhigh ∼ 2.9 M⊙ for �crit = 2 �0 [42, 44, 45], represent
only possible predictions for the highest possible mass,
and depend on the validity of the extrapolation. Results
from the KaoS collaboration, on the other hand, directly
test the EoS for densities n ∼ (2 − 3) n0 and justify
the choice of ncrit in the same range. Consequently,
we will calculate the highest possible masses with the
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FIG. 3: Highest possible masses for compact stars according

to the approach of [22] for different EoS as a function of the

critical density ncrit for the onset of the stiffest possible EoS.

restriction that for ncrit up to (2 − 3) n0 the nucleon
potential should fulfill the results from the analysis of
the KaoS data. For Skyrme type models this restriction
corresponds to K ≤ 200 MeV [46, 47]. For Relativistic
Mean Field (RMF) EoSs, the stiffness of high density nu-
clear matter is determined by the nucleon effective mass
m∗ at n0 and not by K0 [48]. Consequently, the corre-
sponding UN is chosen by varying m∗ for a given K0,
so as to obtain a nucleon potential which is similar to
or even more attractive than the Skyrme parametriza-
tion within the density limits. A more attractive UN at
supra-saturation densities allows a higher compression of
matter for the same bombarding energy, which enhances
multiple scattering processes in subthreshold kaon pro-
duction. Fig. 2 shows that the TM1 [49] parametriza-
tion as well as the Brueckner-Hartree-Fock approxima-
tion (BHF) [50–53] fulfill this requirement. For a RMF
model with n0 = 0.17 fm−3 and K0 = 220 MeV, we ar-
rive at m∗/m = (0.53 − 0.65) for n ∼ (2 − 3) n0 while
for K0 = 250 MeV we obtain m∗/m = (0.54 − 0.67) for
the same density range. Other schemes, such as BSk8
[46], SLy4 [47] or NL3 [54], produce more repulsive po-
tentials than the Skyrme benchmark in the density region
of interest and are therefore ruled out. Fig. 3 shows the
highest possible neutron star masses for ncrit ∼ (2−3)n0

and the discussed EoSs. For ncrit ∼ 2n0, the star is dom-
inated by the stiffest EoS and therefore reaches masses of
up to 3 M⊙. Smaller maximum masses are obtained for
the upper limit of ncrit � 3 n0. The higher ncrit is, the
later is the onset of the stiffest EoS in the star’s interior.
Consequently, less mass is supported and the value for the
highest mass decreases. It can be seen from Fig. 3 that
for the Skyrme type EoS (Skyrme K = 200 MeV, BSk8
or SLy4) the maximum masses are smaller than for the
TM1 or NL3 models. BHF calculations are similar to the
Skyrme type schemes. Finally, for the RMF models with
varying m∗, we observe that the maximum mass is above
the Skyrme type EoS. The smaller m∗ is, the stiffer is the
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indicate different densities for the onset of the stiffest EoS.

most massive stable neutron star configuration depends
strongly on the stiffness of nuclear matter. The softer
the nuclear EoS, the lower is the maximum mass which
can be reached before the star becomes unstable against
collapse to a black hole. Ref. [22] introduced the idea to
use known properties of hadronic matter up to a fiducial
density ncrit. At higher densities, the low density EoS is
smoothly connected to the stiffest possible EoS allowed
by causality. It is given by p(�) = pcrit+(�−�crit), where
p is the pressure and � the energy density [39]. Their
values �crit and pcrit are taken at the transition density
ncrit from the known low density EoS to the stiffest one.
The causal EoS exerts the highest pressure to balance
the gravity of the neutron star mass and therefore leads
to the highest possible maximum mass. The existence
of such a stiff EoS beyond (2 − 3) n0 can be associated
with the emergence of new physics, such as the appear-
ance of quark matter [40], and could be probed by the
CBM experiment at FAIR in the near future [41]. Pre-
vious studies showed that the highest possible mass can
be expressed as [35, 42–44]:

Mhigh = 4.1 M⊙ (�crit/�0)
−1/2 . (2)

Hereby, the applied EoSs for hadronic matter were ob-
tained from measurements of nuclei at n ∼ n0 and then
extrapolated to higher densities [42, 44, 45]. For such an
approach the reliable fiducial density can only be taken
as �crit = �0 = mn · n0 ∼ 1.4 · 1014g/cm3, which re-
sults in Mhigh ∼ 4.1 M⊙ from Eq.(2). Since for higher
�crit the nuclear EoS is determined via extrapolation
from �0, the corresponding lower values of Mhigh, e.g.
Mhigh ∼ 2.9 M⊙ for �crit = 2 �0 [42, 44, 45], represent
only possible predictions for the highest possible mass,
and depend on the validity of the extrapolation. Results
from the KaoS collaboration, on the other hand, directly
test the EoS for densities n ∼ (2 − 3) n0 and justify
the choice of ncrit in the same range. Consequently,
we will calculate the highest possible masses with the
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to the approach of [22] for different EoS as a function of the

critical density ncrit for the onset of the stiffest possible EoS.

restriction that for ncrit up to (2 − 3) n0 the nucleon
potential should fulfill the results from the analysis of
the KaoS data. For Skyrme type models this restriction
corresponds to K ≤ 200 MeV [46, 47]. For Relativistic
Mean Field (RMF) EoSs, the stiffness of high density nu-
clear matter is determined by the nucleon effective mass
m∗ at n0 and not by K0 [48]. Consequently, the corre-
sponding UN is chosen by varying m∗ for a given K0,
so as to obtain a nucleon potential which is similar to
or even more attractive than the Skyrme parametriza-
tion within the density limits. A more attractive UN at
supra-saturation densities allows a higher compression of
matter for the same bombarding energy, which enhances
multiple scattering processes in subthreshold kaon pro-
duction. Fig. 2 shows that the TM1 [49] parametriza-
tion as well as the Brueckner-Hartree-Fock approxima-
tion (BHF) [50–53] fulfill this requirement. For a RMF
model with n0 = 0.17 fm−3 and K0 = 220 MeV, we ar-
rive at m∗/m = (0.53 − 0.65) for n ∼ (2 − 3) n0 while
for K0 = 250 MeV we obtain m∗/m = (0.54 − 0.67) for
the same density range. Other schemes, such as BSk8
[46], SLy4 [47] or NL3 [54], produce more repulsive po-
tentials than the Skyrme benchmark in the density region
of interest and are therefore ruled out. Fig. 3 shows the
highest possible neutron star masses for ncrit ∼ (2−3)n0

and the discussed EoSs. For ncrit ∼ 2n0, the star is dom-
inated by the stiffest EoS and therefore reaches masses of
up to 3 M⊙. Smaller maximum masses are obtained for
the upper limit of ncrit � 3 n0. The higher ncrit is, the
later is the onset of the stiffest EoS in the star’s interior.
Consequently, less mass is supported and the value for the
highest mass decreases. It can be seen from Fig. 3 that
for the Skyrme type EoS (Skyrme K = 200 MeV, BSk8
or SLy4) the maximum masses are smaller than for the
TM1 or NL3 models. BHF calculations are similar to the
Skyrme type schemes. Finally, for the RMF models with
varying m∗, we observe that the maximum mass is above
the Skyrme type EoS. The smaller m∗ is, the stiffer is the
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most massive stable neutron star configuration depends
strongly on the stiffness of nuclear matter. The softer
the nuclear EoS, the lower is the maximum mass which
can be reached before the star becomes unstable against
collapse to a black hole. Ref. [22] introduced the idea to
use known properties of hadronic matter up to a fiducial
density ncrit. At higher densities, the low density EoS is
smoothly connected to the stiffest possible EoS allowed
by causality. It is given by p(�) = pcrit+(�−�crit), where
p is the pressure and � the energy density [39]. Their
values �crit and pcrit are taken at the transition density
ncrit from the known low density EoS to the stiffest one.
The causal EoS exerts the highest pressure to balance
the gravity of the neutron star mass and therefore leads
to the highest possible maximum mass. The existence
of such a stiff EoS beyond (2 − 3) n0 can be associated
with the emergence of new physics, such as the appear-
ance of quark matter [40], and could be probed by the
CBM experiment at FAIR in the near future [41]. Pre-
vious studies showed that the highest possible mass can
be expressed as [35, 42–44]:

Mhigh = 4.1 M⊙ (�crit/�0)
−1/2 . (2)

Hereby, the applied EoSs for hadronic matter were ob-
tained from measurements of nuclei at n ∼ n0 and then
extrapolated to higher densities [42, 44, 45]. For such an
approach the reliable fiducial density can only be taken
as �crit = �0 = mn · n0 ∼ 1.4 · 1014g/cm3, which re-
sults in Mhigh ∼ 4.1 M⊙ from Eq.(2). Since for higher
�crit the nuclear EoS is determined via extrapolation
from �0, the corresponding lower values of Mhigh, e.g.
Mhigh ∼ 2.9 M⊙ for �crit = 2 �0 [42, 44, 45], represent
only possible predictions for the highest possible mass,
and depend on the validity of the extrapolation. Results
from the KaoS collaboration, on the other hand, directly
test the EoS for densities n ∼ (2 − 3) n0 and justify
the choice of ncrit in the same range. Consequently,
we will calculate the highest possible masses with the
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to the approach of [22] for different EoS as a function of the

critical density ncrit for the onset of the stiffest possible EoS.

restriction that for ncrit up to (2 − 3) n0 the nucleon
potential should fulfill the results from the analysis of
the KaoS data. For Skyrme type models this restriction
corresponds to K ≤ 200 MeV [46, 47]. For Relativistic
Mean Field (RMF) EoSs, the stiffness of high density nu-
clear matter is determined by the nucleon effective mass
m∗ at n0 and not by K0 [48]. Consequently, the corre-
sponding UN is chosen by varying m∗ for a given K0,
so as to obtain a nucleon potential which is similar to
or even more attractive than the Skyrme parametriza-
tion within the density limits. A more attractive UN at
supra-saturation densities allows a higher compression of
matter for the same bombarding energy, which enhances
multiple scattering processes in subthreshold kaon pro-
duction. Fig. 2 shows that the TM1 [49] parametriza-
tion as well as the Brueckner-Hartree-Fock approxima-
tion (BHF) [50–53] fulfill this requirement. For a RMF
model with n0 = 0.17 fm−3 and K0 = 220 MeV, we ar-
rive at m∗/m = (0.53 − 0.65) for n ∼ (2 − 3) n0 while
for K0 = 250 MeV we obtain m∗/m = (0.54 − 0.67) for
the same density range. Other schemes, such as BSk8
[46], SLy4 [47] or NL3 [54], produce more repulsive po-
tentials than the Skyrme benchmark in the density region
of interest and are therefore ruled out. Fig. 3 shows the
highest possible neutron star masses for ncrit ∼ (2−3)n0

and the discussed EoSs. For ncrit ∼ 2n0, the star is dom-
inated by the stiffest EoS and therefore reaches masses of
up to 3 M⊙. Smaller maximum masses are obtained for
the upper limit of ncrit � 3 n0. The higher ncrit is, the
later is the onset of the stiffest EoS in the star’s interior.
Consequently, less mass is supported and the value for the
highest mass decreases. It can be seen from Fig. 3 that
for the Skyrme type EoS (Skyrme K = 200 MeV, BSk8
or SLy4) the maximum masses are smaller than for the
TM1 or NL3 models. BHF calculations are similar to the
Skyrme type schemes. Finally, for the RMF models with
varying m∗, we observe that the maximum mass is above
the Skyrme type EoS. The smaller m∗ is, the stiffer is the
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most massive stable neutron star configuration depends
strongly on the stiffness of nuclear matter. The softer
the nuclear EoS, the lower is the maximum mass which
can be reached before the star becomes unstable against
collapse to a black hole. Ref. [22] introduced the idea to
use known properties of hadronic matter up to a fiducial
density ncrit. At higher densities, the low density EoS is
smoothly connected to the stiffest possible EoS allowed
by causality. It is given by p(�) = pcrit+(�−�crit), where
p is the pressure and � the energy density [39]. Their
values �crit and pcrit are taken at the transition density
ncrit from the known low density EoS to the stiffest one.
The causal EoS exerts the highest pressure to balance
the gravity of the neutron star mass and therefore leads
to the highest possible maximum mass. The existence
of such a stiff EoS beyond (2 − 3) n0 can be associated
with the emergence of new physics, such as the appear-
ance of quark matter [40], and could be probed by the
CBM experiment at FAIR in the near future [41]. Pre-
vious studies showed that the highest possible mass can
be expressed as [35, 42–44]:

Mhigh = 4.1 M⊙ (�crit/�0)
−1/2 . (2)

Hereby, the applied EoSs for hadronic matter were ob-
tained from measurements of nuclei at n ∼ n0 and then
extrapolated to higher densities [42, 44, 45]. For such an
approach the reliable fiducial density can only be taken
as �crit = �0 = mn · n0 ∼ 1.4 · 1014g/cm3, which re-
sults in Mhigh ∼ 4.1 M⊙ from Eq.(2). Since for higher
�crit the nuclear EoS is determined via extrapolation
from �0, the corresponding lower values of Mhigh, e.g.
Mhigh ∼ 2.9 M⊙ for �crit = 2 �0 [42, 44, 45], represent
only possible predictions for the highest possible mass,
and depend on the validity of the extrapolation. Results
from the KaoS collaboration, on the other hand, directly
test the EoS for densities n ∼ (2 − 3) n0 and justify
the choice of ncrit in the same range. Consequently,
we will calculate the highest possible masses with the
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restriction that for ncrit up to (2 − 3) n0 the nucleon
potential should fulfill the results from the analysis of
the KaoS data. For Skyrme type models this restriction
corresponds to K ≤ 200 MeV [46, 47]. For Relativistic
Mean Field (RMF) EoSs, the stiffness of high density nu-
clear matter is determined by the nucleon effective mass
m∗ at n0 and not by K0 [48]. Consequently, the corre-
sponding UN is chosen by varying m∗ for a given K0,
so as to obtain a nucleon potential which is similar to
or even more attractive than the Skyrme parametriza-
tion within the density limits. A more attractive UN at
supra-saturation densities allows a higher compression of
matter for the same bombarding energy, which enhances
multiple scattering processes in subthreshold kaon pro-
duction. Fig. 2 shows that the TM1 [49] parametriza-
tion as well as the Brueckner-Hartree-Fock approxima-
tion (BHF) [50–53] fulfill this requirement. For a RMF
model with n0 = 0.17 fm−3 and K0 = 220 MeV, we ar-
rive at m∗/m = (0.53 − 0.65) for n ∼ (2 − 3) n0 while
for K0 = 250 MeV we obtain m∗/m = (0.54 − 0.67) for
the same density range. Other schemes, such as BSk8
[46], SLy4 [47] or NL3 [54], produce more repulsive po-
tentials than the Skyrme benchmark in the density region
of interest and are therefore ruled out. Fig. 3 shows the
highest possible neutron star masses for ncrit ∼ (2−3)n0

and the discussed EoSs. For ncrit ∼ 2n0, the star is dom-
inated by the stiffest EoS and therefore reaches masses of
up to 3 M⊙. Smaller maximum masses are obtained for
the upper limit of ncrit � 3 n0. The higher ncrit is, the
later is the onset of the stiffest EoS in the star’s interior.
Consequently, less mass is supported and the value for the
highest mass decreases. It can be seen from Fig. 3 that
for the Skyrme type EoS (Skyrme K = 200 MeV, BSk8
or SLy4) the maximum masses are smaller than for the
TM1 or NL3 models. BHF calculations are similar to the
Skyrme type schemes. Finally, for the RMF models with
varying m∗, we observe that the maximum mass is above
the Skyrme type EoS. The smaller m∗ is, the stiffer is the
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 at ncrit  ~2 n0 

• Smaller maximum masses are obtained for 
ncrit ~ 3 n0

• higher ncrit is, the later is the onset of the 
stiffest EoS in the star’s interior, less mass is 
supported 

• a pulsar of 2.7Msol not ruled out by KaoS 
data, but requires a fiducial density of 
~ 2.2 - 2.5 n0

• Since the maximum mass configuration is 
dominated by the causal high density EoS, the 
symmetry energy has very little influence on 
Mmax : ∆M ≈ 0.02Msol
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Summary

• K+ multiplicities from heavy-ion collisions indicate a soft nuclear EoS for densities of 2-3 n0

• We test the implications of results on neutron stars
• Light neutron stars with M ~1.25 Msol have central densities ~ 2-3 n0

• Measurement of radii of low mass neutron stars can test KaoS results
• To test if soft nuclear EoS is compatible with massive neutron stars, we  
   apply KaoS results at densities up to 2-3 n0, and then introduce the stiffest possible  
   causal EoS to calculate the highest allowed maximum neutron star mass
• KaoS results indicate highest possible neutron star mass of 3 Msol

• The massive pulsar of 2.7 Msol requires an onset of the stiffest possible EoS at a fiducial            
   density of ~2.2 - 2.5 n0.

      “Soft equation of state from heavy-ion data and implications for compact stars”
     I. Sagert, L. Tolos, D.C., J. Schaffner-Bielich and C, Sturm,  arXiv :1112.0234
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Outlook

The CBM (Condensed Baryonic Matter) experiment at FAIR will probe densities beyond 
3 n0, using rare probes such as D-meson and provide better constraints on the maximum 
neutron star mass.
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Mass measurements: in eclipsing X-ray Binaries

Mass function:

• Doppler shifts of X-ray pulse period    
⇒  Vx sin i

• Doppler shifts of Companion’s 
spectral features ⇒     VD sin i

⇒  f(MX)/f(MD)

• eclipse ⇒  sin i ~1

Radial velocity of optical companion

Radial velocity of X-ray pulsar
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•  If there is just one pulsar in the 
system, it is only possible to measure 
the mass ratio of a pulsar to its 
companion Mp/Mc

• If the system is nearly edge on, as 
the pulse train passes close to the 
companion, it experiences Shapiro 
delay in the pulses. 
• The magnitude and duration of the 
delay episode is related to the 
inclination of the binary orbit to the 
line of sight, and the mass of the 
companion. 
• This completely determines the 
mass of the pulsar.

Shapiro DelayShapiro Delay
• It is only possible to measure the mass 

ratio of a pulsar to its companion, if 
there is just one pulsar in the system.

• However, if the system is nearly edge 
on, as the pulse train passes close to the 
companion, it experiences Shapiro delay 
in the pulses.  The magnitude  and 
duration of the delay episode is related 
to the inclination of the binary orbit to 
the line of sight, and the mass of the 
companion.  Since these are the only 2 
unknowns, this completely determines 
the system, and permits measurement of 
the mass of the pulsar (neutron star). 

Credit: Bill Saxton/NRAO
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Relativistic Mean Field ModelNucleon-meson coupling constants

Properties of nuclear matter at 
saturation

n = 0.16 fm-3 , B/A = -16.3 MeV, 
asym = 32.5 MeV

m*/m = 0.55-0.8

K= 200-300 MeV

Thursday 23 February 2012

Properties of asymmetric nuclear matter
at saturation

saturation density  n0 = 0.17 fm-3  

binding energy per nucleon B/A = -16.3 MeV

incompressibility  Ko = 200-250 MeV 

symmetry energy Esym = 32.5 MeV 

effective nucleon mass m*/m = 0.55-0.8
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2. Theoretical Model

One of the possible approaches to describe neutron star matter is to adopt
a RMF model subject to chemical equilibrium and charge neutrality. For our
investigation of nucleons and hyperons in neutron star matter we will choose
the full standard (JP = 1

2

+
) baryon octet as well as electrons and muons. In

this model, baryon-baryon interaction is mediated by the exchange of scalar
(σ), vector (ω) and isovector (ρ) mesons. The Lagrangian density is given
by [10]

L =
∑

B

Ψ̄B (iγµ∂
µ −mB + gσBσ − gωBγµω

µ − gρBγµtB · ρµ)ΨB

+
1

2

(
∂µσ∂

µσ −m2
σσ

2
)
− U(σ) + U(ω)

−1

4
ωµνω

µν +
1

2
m2

ωωµω
µ − 1

4
ρµν · ρµν +

1

2
m2

ρρµ · ρµ. (1)

The isospin multiplets for baryons B are represented by the Dirac spinor ΨB

with vacuum baryon mass mB, isospin operator tB, and ωµν and ρµν are field
strength tensors. To reproduce the saturation properties of nuclear matter,
the scalar self-interaction term

U(σ) =
1

3
bσ3 +

1

4
cσ4, (2)

is introduced [19]. We also included an additional self interaction term

U(ω) =
1

4
d(ωµω

µ)2, (3)

for the vector field as proposed by Bodmer [20]. Due to inclusion of this term,
the vector field increases proportional to ρ1/3 for high densities, where ρ is
the baryon density, instead of the linear dependence in absence of this term.
This results in a good agreement with Brueckner-Hartree-Fock calculations.
We will denote the above model with the three exchange mesons as “model
σωρ”. The hyperon-hyperon interaction is usually incorporated through the
exchange of additional strange scalar (σ∗) and strange vector (φ) mesons,
again the scalar meson being responsible for attractive and the vector meson
for repulsive interactions respectively:

LY Y =
∑

B

Ψ̄B (gσ∗Bσ
∗ − gφBγµφ

µ)ΨB
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2

+
) baryon octet as well as electrons and muons. In

this model, baryon-baryon interaction is mediated by the exchange of scalar
(σ), vector (ω) and isovector (ρ) mesons. The Lagrangian density is given
by [10]

L =
∑

B

Ψ̄B (iγµ∂
µ −mB + gσBσ − gωBγµω

µ − gρBγµtB · ρµ)ΨB

+
1

2

(
∂µσ∂

µσ −m2
σσ

2
)
− U(σ) + U(ω)

−1

4
ωµνω

µν +
1

2
m2

ωωµω
µ − 1

4
ρµν · ρµν +

1

2
m2

ρρµ · ρµ. (1)

The isospin multiplets for baryons B are represented by the Dirac spinor ΨB

with vacuum baryon mass mB, isospin operator tB, and ωµν and ρµν are field
strength tensors. To reproduce the saturation properties of nuclear matter,
the scalar self-interaction term

U(σ) =
1

3
bσ3 +

1

4
cσ4, (2)

is introduced [19]. We also included an additional self interaction term

U(ω) =
1

4
d(ωµω

µ)2, (3)

for the vector field as proposed by Bodmer [20]. Due to inclusion of this term,
the vector field increases proportional to ρ1/3 for high densities, where ρ is
the baryon density, instead of the linear dependence in absence of this term.
This results in a good agreement with Brueckner-Hartree-Fock calculations.
We will denote the above model with the three exchange mesons as “model
σωρ”. The hyperon-hyperon interaction is usually incorporated through the
exchange of additional strange scalar (σ∗) and strange vector (φ) mesons,
again the scalar meson being responsible for attractive and the vector meson
for repulsive interactions respectively:

LY Y =
∑

B

Ψ̄B (gσ∗Bσ
∗ − gφBγµφ

µ)ΨB
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TM1 Model Nuclear equations of state

Phenomenological:

U(nb) =
A

2

„
nb
n0

«
+

B

σ + 1

„
nb
n0

«σ

Esym(nb) ∼ S0

„
nb
n0

«α

BE=−16 MeV, n0 ∼ 0.16 fm−3

K0 = (160− 240) MeV

S0 = (28− 32) MeV, α = 0.7− 1.1

Skyrme and rel. mean field:

S0 [MeV] K0 [MeV]
Bsk8 (NPA 750 (2005)) 28.0 230.2
Sly4 (NPA 635 (1998)) 32.0 229.9
TM1 (NPA 579 (1994)) 36.9 281
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