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Abstract. There are many fascinating processes in the universe which we observe in more detail thanks to
increasingly sophisticated technology. One of the most interesting phenomena is the life cycle of stars, their
birth, evolution and death. If the stars are massive enough, they end their lives in a core-collapse supernova
explosion, one of the most violent events in the universe. As a result, the densest objects in the universe,
neutron stars and/or black holes, are created. The physical basis of these events should be understood in line
with observation. Unfortunately, available data do not provide adequate constraints for many theoretical
models of dense matter. One of the most open areas of research is the composition of matter in the cores of
neutron stars. Unambiguous fingerprints for the appearance and evolution of particular components, such
as strange baryons and mesons, with increasing density, have not been identified. In particular, the hadron-
quark phase transition remains a subject of intensive research. In this contribution we briefly survey the
most promising observational and theoretical directions leading to progress in understanding high density
matter in neutron stars. A possible way forward in modeling high-density matter is outlined, exemplified
by the quark-meson-coupling model (QMC). This model makes connection between hadronic structure
and the underlying quark make-up. It offers a natural explanation for the saturation of nuclear force and
treats high-density matter, containing the full baryon octet, in terms of four uniquely defined parameters

adjusted to properties of symmetric nuclear matter at saturation.

1 Introduction

The structure of matter at high density and temperature is
one of the central questions of current theoretical physics.
Answering this question requires the joint efforts of nu-
clear, particle and astrophysics theorists, combined with
tests based on the most advanced astrophysical observa-
tion data and relevant terrestrial experiments.

In the generally accepted Quantum Chromodynamics
(QCD) phase diagram, expressed in terms of temperature
and baryon number density (see fig. 1), two extreme re-
gions can be identified. The best realization of nuclear
matter at low (zero) temperature and high baryon num-
ber density (several times higher that the saturation den-
sity of symmetric nuclear matter) is found in the cores of
cold neutron stars and, at somewhat higher temperature,
in core-collapse supernovae (CCS). The other extreme is
at low (zero) baryon number density and extremely high
temperature (several hundred MeV). This region of the
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phase diagram corresponds to conditions in the early uni-
verse. The adjacent region with lower temperatures and
somewhat higher baryonic densities can, in principle, be
probed in existing terrestrial heavy ion collisions, at LHC,
RHIC and GSI. Extension towards even higher chemical
potentials and lower temperatures is expected at planned
facilities, FAIR at GSI and NICA in Dubna. One of the
key questions is the location of the critical point where
the hadronic and quark-gluon phases coexist. There is an
extensive beam scan campaign at RHIC, performed by
the STAR Collaboration, in this direction, but no final
conclusion has yet been reached. The position of the crit-
ical point has important implications for the location of
the hadronic-quark phase transition in neutron stars and
CCs [1].

In this paper we address the fundamental question as
to whether we have enough experimental and observa-
tional data to compare with a current theory to give an-
swers to questions concerning properties of high-density
matter in the low temperature and high baryonic density
region of the QCD diagram. In sect. 2 we introduce the
definition of the Equation of State (EoS) and its connec-
tion with nuclear and particle models. Section 3 is devoted
to the up-to-date constraints on the EoS from observation
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Fig. 1. The QCD phase diagram, adopted from www.gsi.de,
showing the temperature and baryon density ranges for differ-
ent phases of hadronic and quark matter.

of neutron stars and CCS. Constraints coming from ter-
restrial experiments with heavy-ion collisions and hyper-
nuclei, as well as, potentially, from lattice QCD, are briefly
discussed in sect. 4, followed by discussion of the Quark-
Meson-Coupling (QMC) model, which offers a new per-
spective in description of low energy nuclear and particle
phenomena in sect 5. Summary and conclusions are pre-
sented in sect. 6.

2 Equation of State of high-density matter

The key property of high-density matter is the Equation of
State (EoS) from which the relation between the pressure
P, energy density €, and temperature 7', of the matter,
can be derived. We have

where p is particle number density, € is the energy density
and the summation carries over all ¢ constituents present
in the matter. The two key points here are: i) the EoS
critically depends on the constituents of the matter and
the interactions between them and ii) e(p,T) is unknown
and can only be determined from nuclear and/or parti-
cle physics models. Limitations of these models are the
main source of ambiguity in theoretical determination of
the EoS of high-density matter occurring in astronomical
objects and terrestrial systems. There are many variants
of microscopic and phenomenological models of hadronic
matter with different levels of complexity. To name a few,
mean-field non-relativistic and relativistic models, ab ini-
tio models with two- and three-body nucleon-nucleon (N-
N) interactions and chiral effective field theory are fre-
quently used. There is also a wide choice of components
of hadronic matter, from nucleons only to matter includ-
ing the full baryon octet and baryon resonances (p, n, 4,
X, 2, A), and mesons (w, K, H-dibaryon condensates).
QCD predicts matter in the form of a quark liquid in
a colour superconducting state at high density and low

elp, T) = ZQ’(P,T)’ (1)

%
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Fig. 2. Proposed structure of a cold neutron star. Redrawn
from ref. [2].

temperature [2—4]. Unfortunately theoretical understand-
ing of the appearance and properties of quark matter in
the interior of neutron stars is very uncertain because of
limited knowledge of the strong interaction in medium.
Many models based on different techniques are in use, in-
cluding, for example, different forms of the MIT bag [5—
7], Nambu—Jona-Lasinio [8, 9], Chromo-Dielectric [10, 11],
Dyson-Schwinger [12,13] and perturbative approaches to
QCD [14-16].

The extreme conditions in neutron stars allow their
theoretical description as hybrid stars (see fig. 2), com-
posed of a nucleon-only crust with a core of strange
baryons and mesons with stable quark matter in the cen-
ter, or as strange stars, made of absolutely stable strange
quark matter (a configuration of matter more stable than
the most stable atomic nucleus, %2Ni), possibly with a thin
nuclear crust of density below the neutron drip threshold.
Other theories would include hyperonic stars. Models of
neutron superfluidity and proton superconductivity and
different phases of colour super-conductive quark matter
(yellow segments) are also included in the picture.

Attempts to distinguish between these different op-
tions leave the choice unresolved. The lack of knowledge of
the forces acting between the elementary particles leads to
models with a large number of parameters, too many to be
determined unambiguously from experiments and obser-
vations. For example, Dutra et al. [17] collected 240 non-
relativistic mean-field models based on the Skyrme inter-
action, the effective density-dependent force, determined
by the aid of 10-15 adjustable parameters. They assessed
the ability of each parameterization to satisfy a series of
constraints derived from macroscopic properties of nuclear
matter in the vicinity of nuclear saturation density at zero
temperature obtained by the liquid-drop model, and their
density dependence extracted from experiments with gi-
ant resonances and heavy-ion collisions. Out of the 240
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models, only sixteen were shown to satisfy all constraints.
Additional, more microscopic, constraints on the density
dependence of the neutron and proton effective mass in 3-
equilibrium matter, Landau parameters of symmetric and
pure neutron matter, and observational data on high- and
low-mass cold neutron stars further reduced this number
to five, a very small group of recommended Skyrme pa-
rameterizations to be used in future applications of the
Skyrme interaction of nuclear-matter-related observables.
Disappointingly, the five successful parameter sets show
no common features, being arrived at by fitting different
observational and experimental properties.

Recently, a set of 263 relativistic mean-field models, in-
cluding those frequently used in the literature, was exam-
ined in a similar fashion [18]. The analysis has shown that
very few models satisfy the most up-to-date constraints.

Mean field models discussed above are usually con-
structed with the constraint that basic properties of sym-
metric nuclear matter (equal number of protons and neu-
trons, no Coulomb interaction), namely saturation energy
Ey ~ —16MeV at density pg ~ 0.16 fm~3, be predicted
correctly. This requirement is not imposed on so-called
“realistic” models, which start from a bare two-body (N-
N) interaction and include the effect of the medium us-
ing techniques such as Bruckner-Hartree-Fock or its rel-
ativistic counterpart Dirac-Bruckner-Hartree-Fock. The
basic saturation properties fail to be reproduced satisfac-
torily [19,20] unless three-body forces are added. These
forces are also needed in other scenarios, such as varia-
tional methods [21] and Chiral Effective Field Theory [22].
This addition increases uncertainty in the models, as
three-body forces are not well known and contain addi-
tional variable parameters.

Considerable uncertainty exists in the calculation of
binding energy per particle in an even simpler system,
pure neutron matter at sub-saturation density. Pure neu-
tron matter does not exist in nature and the only theoret-
ical constraint is that it should not have a bound state.
The modern chiral effective field approach in next-to-next-
to-next-to-leading order (N3LO) yields an EoS with the
uncertainty depicted by the red (shaded) area in fig. 9 of
ref. [22], overlying many other EoS of pure neutron matter
obtained in other models.

The coexistence of hadronic and quark phases in the
neutron star interior and the transition between them is
usually considered in one of two ways. In the first the
hadronic matter is made only of nucleons (N), whilst in
the second it contains heavy strange baryons (Y) and bo-
son condensates. The composition of the hadronic phase
affects significantly the EoS at supra-saturation density
and is related directly to the maximum mass of a neutron
star. To comply with observation, the EoS of a hybrid star
has to be stiff enough to produce a neutron star with grav-
itational mass around 2 Mg. This constraint is not diffi-
cult to satisfy with EoS of high-density matter containing
only nucleons. However, any additional degree of freedom
of the matter related to non-nucleonic components softens
the EoS making production of a heavy neutron star more
difficult. Keeping in mind that the EoS depends not only
on composition, but also on interactions between all the
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constituents, it is vital to improve our knowledge of N-Y
and Y-Y interactions. Furthermore, we have to learn more
of the hadron-quark phase transition. Does it happen at
densities lower than the threshold density for appearance
of hyperons, hence suppressing them completely? Does the
neutron star interior go through the hyperonic (and bo-
son condensate) phases before it reaches the quark phase?
Or, finally, does it never happen since the transition to
quark matter occurs only at densities higher then those
than can be achieved in the cores of neutron stars? There
is an extensive literature on this subject, which is beyond
the scope of this paper, however no convincing answer has
emerged.

A way forward may be the study by Alford et al. [23]
who suggested generic conditions for stable hybrid stars.
The mass-radius curve of hybrid stars was studied, as-
suming a single first-order phase transition between nu-
clear and quark matter, with a sharp interface between the
quark matter core and nuclear matter mantle. A generic
parametrization of the quark matter EoS with a constant,
i.e. density-independent, speed of sound was used. The
authors suggested that this parametrization provides a
framework for comparison and empirical testing of models
of quark matter. It is interesting to note that the latest
continuous QCD calculations suggest a sharp transition
between the hadronic and quark phase [25].

There has been an interesting recent development in
research on hybrid stars [26], in which a relativistic mean-
field EoS with density-dependent couplings with the nucle-
ons treated in the quasi-particle framework, was chosen for
the hadronic phase and the higher-order repulsive inter-
actions were included in the NJL model based EoS of the
quark phase. This model led to a strong first-order phase
transition with large latent heat (reflecting the energy-
density jump at the phase transition), which fulfils the
criterion for a transition to otherwise disconnected third-
family branch of compact stars in the mass-radius rela-
tionship [27]. These “twin” stars in the third branch are
predicted to have high maximum mass (~ 2 Mg) very
similar to stars in the second (regular) second branch.

The lack of adequate constraints on the theoretical pre-
dictions of the EoS has led to efforts to construct a hybrid
empirical EoS, made up of components from theory, as-
trophysical observation and terrestrial data. We will dis-
cuss these components more fully in sect. 3. Here we men-
tion one such example presented by Steiner et al. [28] and
shown in fig. 3. The authors used their analysis of recent
observations of both transiently accreting and bursting
X-ray sources and determined the 68% and 95% confi-
dence intervals of the EOS of dense matter, with the es-
timated uncertainty of the pressure approximately 30%—
50% at all densities achievable in neutron star interiors.
These data have been combined with contributions com-
ing from analysis of heavy-ion collision experiments and
Quantum Monte Carlo models at low densities and pres-
sures to provide an EoS applicable over a wide range. Such
an approach may have some practical value but is limited
since, at any number density, the predicted pressure range
is wide.
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Fig. 3. Pressure as predicted from astrophysical observations
in combination with Quantum Monte Carlo calculation and
constraints obtained from analysis of heavy-ion collision exper-
iments. For more explanation see text. Adopted from ref. [28].

3 Observational constraints on high-density
EoS

3.1 Gravitational mass of cold neutron stars

The gravitational mass and radius of a cold non-rotating
neutron star can be obtained from the Tolman-Oppen-
heimer-Volkoff (TOV) equations for hydrostatic equilib-
rium of a spherical object with isotropic density distribu-
tion in general relativity:

dP(r) _ ~ GM(r)e(r)
dr r2
" (1+ P(r)/e(r)c®)(1 + 4nr3P(r) /M (r)c?)
1—-2GM(r)/rc?
(2)
M(r) = /0 4rre(r)dr’. (3)

Solution of these coupled equations yields sequences of
neutron star models with a range of values for the central
energy density €(0) (note that here we use energy den-
sity €) instead of free energy density f as we deal with
cold neutron stars). Integration of egs. (2) and (3) for any
specified €(0), gives directly the corresponding values for
the total gravitational mass M(R) and radius R of the
star (the surface being at the location where the pressure
reaches zero).

Two features are important here. First, the depen-
dence of pressure P(r) on energy density e(r) —the EoS
—is required input to the TOV equations, bringing in the
microphysics. Second, the output only yields gravitational
mass M(R) as a function of a corresponding radius R.
This is a major source of difficulty in relating observation
to theory because data on mass and radius on the same
star is very hard to obtain with high enough accuracy. It
follows that even very accurate determination of neutron
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Table 1. Examples of the most accurately measured neutron
star masses.

Pulsar M/Meg Error Reference
PSR J0737-3039 1.249 0.001 [29]
PSR B1913-+16 1.4414 0.0002 [30]
PSR J1903+0327 1.667 0.021 [31]
PSR J1614-2230 1.97 0.04 [32]
PSR J03484-0432 2.01 0.04 [33]
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Fig. 4. Solutions of the TOV equations for a selection of EoS
adopted from [34]. The selection illustrates mass-radius predic-
tions by a variety of mean field models, non-relativistic (LS180,
LS220) and relativistic (HS(FSUGold), HS(TMA), HS(TM1),
HS(NL3), HS(DD2), HS(IUFSU), STOS(TM1), SFHo and
SFx). Horizontal solid lines indicate the region (including er-
rors) of heaviest observed neutron star masses. For more detail
see the reference and text.

star mass, currently available and summarized in table 1,
is a necessary but not a sufficient constraint for selection
of a realistic EoS. The situation is illustrated in fig. 4.
The largest observed neutron star masses serve to elimi-
nate some EoS, but others satisfy this requirement and it
is not possible to choose between them.

3.2 Simultaneous determination of mass and radius of
the same object

The main methods used in determination of neutron star
mass and radius involve data on transient low mass X-
ray binaries (LMXB), or X-ray photospheric radius ex-
pansion (PRE) in Type-I X-ray bursts [35-39], or surface
thermal emission spectra from stars in quiescent LMXB
(see e.g. [40-44]). The distance of the star is also required.
This can be relatively well estimated for stars in globular
clusters, however, restriction to clusters limits the num-
ber of candidate stars. In other cases, the distance has to
be inferred indirectly but the error of the results is signifi-
cantly increased. Data analysis to extract masses and radii
is rather involved [35] and new effects, which need to be
taken into account, are being discovered. Recent spectral
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Table 2. Selected estimates of mass and radius from data on Type-I X-ray bursts in transient LMXB and thermal emission from
neutron star surface in quiescent LMXB, reported after 2010. For more details about the method of analysis and observational

data see references.

Radius [km)] M/Mg Confidence level % Sources Reference
11-12 1.4 EXO 1745-248 Steiner et al. 2010 [40]
4U 1608-522
4U 1820-30
X7 (47 Tuc)
w Cen
M13
> 14 <23 4U 1724-307 Suleimanov et al. 2011 [38]
<125 <21 KS 1731-260 Ozel et al. 2012 [45]
7.6-10.4 Mass 90 w Cen Guillot et al. 2013 [41]
independent M13
NGC 6397
NGC 6304
M28
1.4 90 w Cen Lattimer and Steiner 2014 [42]
11.15-12.66 Basic EoS M13
10.45-12.45 Exo EoS NGC 6397
NGC 6304
M28
> 13 1.2-2.4 4U 1608-52 Poutanen et al. 2014 [39]
9-14 1.4 X5 (47 Tuc) Heinke et al. 2014 [44]
> 1.8 X7 (47 Tuc)
(1.4)
10.1-11.1 ~ 1.5 4U 1820-30 Ozel et al. 2015 [46]

SAX J1748.9-2021
EXO 1745-248
KS 1731-260

4U 1608-52

measurement of Type-I X-ray bursts [39] revealed strong
dependence of the burst properties on the flux and spectral
hardness of the persistent emission before burst which af-
fects the extracted mass-radius information. Uncertainty
as to effects of the composition of the stellar atmosphere
and any absorbing material along the line of sight is a
problem. This is one of the main reasons for differences in
the results reported by several groups based on the same
observational data (see table 2).

3.3 Neutron star cooling

The cooling of a neutron star in different phases of its life
is one of the important pieces of observational information
leading to constraints on neutron star theories.

We discuss here the history and outcome of the re-
cent reports of rapid cooling of an isolated neutron star

(referred to as Cas A) in the Cassiopeia A supernova rem-
nant [47]. This example illustrates the complexity of ob-
servation and analysis of cooling data, yielding results that
are subject to calibration and systematic uncertainties and
ambiguous interpretation.

Heinke and Ho [48] analyzed X-ray spectra of Cas A
taken during 2000-2009 by the ACIS-S detector in Graded
mode on the Chandra X-ray observatory to obtain data
on thermal evolution of Cas A. They reported a decline in
the surface temperature of 3.64+0.6% over nine years, sug-
gesting unusually fast cooling. Shternin et al. [49] added
another point to the data, taken and analysed in the same
way as in [48], consistent with the trend discovered by
Heinke and Ho. Elshamouty et al. [50] tested the decline
in the effective temperature of Cas A using all Chandra
detectors (ACIS and HRC types) and modes, using a more
recent (2013) calibration. They added a new (2012) point
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to the ACIS-S Graded mode observation results. They
found that the ACIS-S Graded data indicated a temper-
ature decay of 3.1%-5.0% over 10 years, with a best-fit
decay of 3.5% + 0.4%. In contrast, data collected by the
HRC-S detector yielded 0.9%-2.0% decline over 10 years,
with a best-fit decay of 1.0% £ 0.7%. The analysis of this
data showed some dependence on the choice of source
and background extraction regions. The combination of
all data indicated a decline of 2.9% =£ 0.5%gtar £ 1.0sys%
over 10 years. Elshamouty et al. stressed the complexity
of the bright and varying supernova remnant background
that made definitive interpretation of Cas A Chandra ob-
servations difficult.

The ACIS-S Graded mode observations are known to
be subject to spectral distortions because of pile-up and
charge transfer inefficiency effects. Consequently Posselt et
al. [51] performed dedicated observations in 2006 and 2012
using the ACIS in the Faint telemetry mode where the in-
strumental effects were minimized. Extensive analysis of
the data was made, with examination of many possible
effects which could affect the thermal emission. These in-
cluded variation in parameters of star atmosphere models,
changes in the magnitude of the emission areas and instru-
ment calibration issues. The authors concluded: Owerall,
our results from 2006 and 2012 are consistent with no
temperature decline at all, or a smaller temperature de-
cline than that reported for the data suffering from pile-up
and acquired in Graded mode during the time interval from
2000 to 2012.

The next two points in the set of effective temperature
measurements were added in 2013 and 2014 from ACIS-S
Graded observations by Ho et al. [52] and showed consis-
tency with the reported rapid cooling followed since 2000.
However, Posselt et al. [53] discussed in detail calibration
and contamination issues with ACIS detectors. They re-
ported preliminary new 2015 data point, still under anal-
ysis, obtained in a similar way as the 2006 and 2012 points
in [51] that were consistent with no significant change in
temperature. The new 2015 point seems to suggest a drop
in temperature AT = (—0.27+0.21) x 10* K per year, still
consistent with no rapid cooling.

The cooling history of Cas A has stimulated extensive
theoretical effort to explain the data, mainly based on the
assumption of existence of neutron superfluidity and pro-
ton superconductivity in the interior of the star. Detailed
description of the theory goes beyond the scope of this
review and thus we make only a few general comments.

There are two main types of models. The “minimal
cooling scenario” [54] explains enhanced cooling in a par-
ticular epoch of the onset of baryon superfluid state. Su-
perfluidity reduces emissivity of the usual neutrino reac-
tions and introduces a specific “Cooper pair breaking and
formation” neutrino emission mechanism. In general, the
Cooper pair formation releases energy which can be taken
away by a neutrino-antineutrino pair, thus increasing neu-
trino emissivity. The minimal cooling scenario, although
formally successful in explaining the Cas A cooling [48]
has, however, a serious drawback. It does not include
“medium (collective) effects” which become significant in
high density matter and account for changes in nucleon-
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nucleon interactions due to the presence of other nucleons
in the matter. These significantly affect neutrino emissiv-
ity, superfluid gap values, thermal conductivity and re-
lated influences governing neutron star cooling (e.g. [55—
57] and references therein).

There are two issues that should be addressed in fu-
ture development of the superfluidity based models. First,
as recently emphasized by Ho et al. [52], a single theory
which would provide the superfluid and superconductor
gap energies and the EoS of the neutron star interior is
not available at present. In other words, the gap energies
and the EoS used to describe other properties of neutron
stars, are mutually inconsistent. Second, a more specula-
tive question, relates to uncertainty concerning the interi-
ors of neutron stars. Most of the models based on superflu-
idity require substantial presence of neutrons and protons
in the neutron star cores. The densities and composition
of the cores are not known directly from observation, but
are inferred in a model-dependent way. The currently ac-
cepted central particle number densities are in the region
of ~ 3-6 py. A question arises whether one can regard
nucleons at that density as keeping their identity and be-
havior as at normal nuclear density or whether the un-
avoidable overlap in high density matter affects their inter-
nal structure and properties. In addition, would the other
constituents of the matter, such as hyperons or quarks,
influence the cooling in any way?

Finally, for completeness, we mention other models,
besides the onset of superfluidity and superconductivity,
invoked to explain cooling of Cas A, summarized in [52].
They include transition to quark phases [58, 59], magnetic
field decay [60] and heating by r-mode oscillations [61].
Identification of observational fingerprints that distinguish
between the models, and, indeed, clarification of the cool-
ing data for Cas A, remains a challenge for the future.

4 Terrestrial constraints
4.1 Heavy-ion collisions

Heavy-ion collisions are the only terrestrial events in which
hot high-density matter is created. The beam energies
range from ~ 35MeV to ~ 5TeV per nucleon, specific to
different facilities such as NSCL, Texas A&M, GSI, RHIC
and LHC (existing), and FAIR and NICA (future).

At beam energies ~ 35 MeV—2 GeV per nucleon, which
access the region below nuclear density and temperatures
up to several tens of MeV, neutron/proton spectral ra-
tios and nucleon and light fragment flows can been stud-
ied [62]. One of the important results of such experiments
is thought to be information on the nuclear symmetry en-
ergy and its density dependence. The data are used to
fit parameters of transport models, which in turn pro-
vide energy density and pressure in the matter, i.e. the
EoS [63-67]. The much-discussed question arises whether
such EoS can be meaningfully used to constrain the EoS
of high-density matter in neutron stars and supernovae.

At this range of beam energies used in experiments
with Au or Sn projectiles inelastic (N-N) scattering may
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Table 3. Comparison of basic properties of (a) matter created in heavy ion collisions (HIC) with beam energies < 1GeV per
nucleon and (b) matter in proto-neutron stars (PNS) for progenitor stars of 8-20 M. S, B, L stands for strangeness, baryon
and lepton number, respectively. N and N* are N — baryons (nucleons) and their resonances, A, A* are A — baryons and their

resonances. po is normal nuclear density, 0.16 fm™>.

HIC PNS
Temperature < 50 MeV < 50 MeV
Energy density e ~ 1-2GeV/fm? ~ 1GeV /fm?
Baryon density p < 2.5 po 2-3 po
Time scale to cool down 10723 to 107**s 1-10s

p and 1" dependent

Interaction Strong Strong and Electro-Weak
S, B, L conserved B, L conserved
Composition: N, N* A, A* n, p
m, (K) no pions
strangeness rare strange baryons and mesons
no leptons copious leptons
Symmetry: close to symmetric highly asymmetric

Thermal equilibrium

possibly local

yes

becomes significant and matter consists mostly of N, N*,
A, A* and light nuclear fragments such as *H, 3He, “He,
"Li, "Be and pions. Strangeness becomes less important,
but kaons may be expected [67]. It is claimed that, for
a small fraction of the time, number densities as high
as 5 times nuclear saturation density pg [62,65], can be
achieved in '"7Au 4+ 97Au collisions due to inertial con-
finement. After the collision, the matter cools fast from an
initial 7' ~ 50 MeV and dilutes to subnuclear densities.

Theoretical approaches to the dynamics of heavy ion
collisions at medium energies are either algebraic, based
on self-consistent solution of the Boltzmann equations
used in transport models (see e.g. [63-65, 68]), or geomet-
ric, using molecular dynamics simulation in which parti-
cles are treated as Gaussian wave packets in a unit cell [68—
70]. Both classes of theories yield predictions on trajecto-
ries of particles emitted from the collision region. In addi-
tion, the molecular dynamics models provide information
on emission of clusters.

Without going into details of the application of these
models of the collision to actual data, there are several
open questions in interpretation of the results and their
implications for understanding of the structure of high-
density matter. It is true, that after extrapolation to low
temperature, the heavy ion collision theories can produce
constraint on the EoS of the symmetric nuclear matter.
However, constraints extracted from heavy ion collision
experiments are not applicable to matter in cold neutron
stars and core-collapse supernovae. The composition of the
matter in these astrophysical objects is not the same as
of the matter created in heavy ion collisions and the EoS
will be different. To make this important point clear, we
contrast basic properties of the two scenarios in table 3.

Matter created at higher beam energies has typically
very low particle number density (significantly lower than
the saturation density of the symmetric nuclear matter),

but relatively high energy density 1-6 GeV/fm?® (depen-
dent on beam energy) and close to zero baryon chemi-
cal potential. The matter is heated to several hundred
MeV. The time-scale between the collision and the chem-
ical and thermal freeze-out is of order 107%% to 1072 s
which implies that the creation of particles during the
collision is governed only by the strong interaction. This
has the important consequence that only processes that
conserve strangeness and baryon and lepton number can
occur. Analysis of particle spectra and ratios indicate that
quark-gluon plasma may be reached and quark-antiquark
pairs, strange baryons and mesons, pions, and a signifi-
cant number of their antiparticles are subsequently cre-
ated. The matter is lepton poor, in particular containing
very few neutrinos.

The focus of high beam energy experiments is a search
for quark-gluon plasma and the hadron-quark matter
transition. The latter could have an important conse-
quence for core-collapse supernova physics, if found at rel-
evant temperatures and densities.

4.2 Hypernuclei

Realistic models of neutron star matter need to include
hyperons at central densities exceeding 2—3 times nuclear
saturation density. Thus it is important to model N-Y and
Y-Y forces, acting in the nuclear environment, as well as
possible. Experimental study of hypernuclei is the only
direct source of information on these forces. The argu-
ment that hyperons should play a role in the structure
of neutron stars is quite compelling. Because of the Pauli
principle, the chemical potential for neutrons rises rapidly
with increasing density, reaching that for A hyperons at
(2-3) po. It then becomes energetically favourable for the
system to let the neutrons undergo a strangeness changing
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weak decay, which replaces them by hyperons for which
the Fermi sea is not yet filled, thus lowering the total en-
ergy of the system. As strangeness is not conserved on the
weak interaction time-scale and the time-scales for neu-
tron star formation are much greater than those associ-
ated with weak interactions, the growth of strangeness will
continue until equilibrium is reached. This means that any
hyperon energetically allowed must appear. Rather than
being a surprise to find hyperons it would stretch our un-
derstanding of fundamental strong and weak interaction
processes to breaking point if they were not to appear. It
is certainly inconceivable that a nucleon-only EoS could
be realistic at such large densities.

The study of A hypernuclei has a long history, with
shell structure mapped out across the periodic table [71-
76]. Systematic studies of the energy levels of light A hy-
pernuclei have enabled extraction of considerable detail
concerning the (mostly) attractive effective AN interac-
tion.

As for X and = hypernuclei, the situation is quite dif-
ferent. The special case of *He aside, there is no exper-
imental evidence for any X hypernuclei [77-79], despite
extensive searches. Indeed, it seems likely that the X-N
interaction is somewhat repulsive and that there are no
bound X hypernuclei beyond A = 4. In the case of the =,
the experimental situation is very challenging, with just a
handful of observations of doubly strange nuclei. Very re-
cently the long-awaited experimental result on =~ hyper-
nucleus was published [80] suggesting that the Z-nucleus
potential is substantially attractive. This result supports
the prediction of the QMC model (see sect. 5 which finds
the threshold for = population at densities close to that
of A hyperons and lower than the threshold for appear-
ance of X hyperons in cold, B-equilibrated neutron star
matter).

4.3 Lattice QCD

It would be desirable to test predictions of many theo-
ries against results obtained in lattice quantum chromo-
dynamics. As the only adjustable-parameter-free theory
currently available, it can be regarded as a numerical ex-
periment [1], with a potential to understand high-density
matter in compact objects from first principles.

Lattice QCD is a non-perturbative approach to solv-
ing the quantum chromodynamics theory of quarks and
gluons, formulated on a grid or lattice of points in space
and time. At present, predictions of lattice QCD are avail-
able only for fermionic systems in free space - at zero
density and high temperature. The reason for preventing
its application in theories involving non-zero density of
strongly interacting fermions lies in a numerical difficulty
called the sign problem. The problem generally arises in
Quantum Monte Carlo simulations of any system of inter-
acting fermions, because their wave functions change sign
when any two fermions are interchanged (due to Pauli
principle) [81]. Unless there are exact cancellations, the
quantum-mechanical sum over all multi-particle states of
the system involves an integral over a function that is
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highly oscillatory, and hence hard to evaluate numerically,
particularly in high dimensions.

In lattice QCD the expectation value of any physical
observable is represented by a path integral over all quark
and gluon fields configurations, which is evaluated using
the Monte Carlo method. At finite density (or, equiva-
lently, finite chemical potential) and low temperatures the
evaluation of the path integral fails because of the near-
cancellation of the positive and negative terms that can-
not be calculated with sufficient accuracy. More techni-
cal description of the sign problem in QCD goes beyond
the scope of this paper, but we refer interested reader to,
e.g. [81-83].

Because of this problem, it is questionable whether the
lattice calculation can be ever extended to finite densi-
ties although many attempts have been made in the past,
and some promising steps are currently being made (see
e.g. [84]). If lattice QCD were to eventually provide data
directly aiding determination of the EoS of high-density
matter it would be a significant step forward.

5 Quark-Meson-Coupling (QMC) model

It has become apparent in previous sections that currently
available observational and experimental data are not yet
adequate to uniquely constrain the EoS of high-density
matter. We suggest that, along with the need for more
precise data, a principle aim for theorists should be to
develop new and improved theories in which parameters
are directly related to microphysical quantities for which
good estimates can be made. In this section we bring an
example of a theory of this type which has not hitherto
received much attention.

Conceptually, one of the main difficulties in solving
the nuclear many-body problem is to incorporate medium
effects into the calculation. In contrast to, for example,
elementary quantum electrodynamics, where the force be-
tween two electric charges is quantified by the Coulomb
law and forces among many electrons can be calculated
precisely using the principle of superposition, no equiv-
alent approach exists in nuclear physics. Scattering ex-
periments with free nucleons provide information about
bare N-N potentials, but an involved numerical treatment
is necessary to transform these potentials to a describe
adequately the forces between hadrons in the hadronic
environment.

The idea of modeling the N-N interaction using quark
degrees of freedom originated in the late 1980s with Gui-
chon [85] and Guichon and Thomas [86] who suggested
that the origin of nuclear many body forces and of the
saturation of nuclear forces can be found in the modi-
fication of the structure of a nucleon when it is imbed-
ded in a medium consisting of other nucleons. The model,
referred to as the Quark-Meson-Coupling (QMC) model,
has been adopted and developed in different forms in Aus-
tralia, Japan, China, Korea, Brazil and Europe [87].

The basic assumption of the QMC model is that, in-
stead of the usual treatment of modeling nuclear forces
through exchange of mesons coupled to nucleons, taken as
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point-like particles, this exchange takes place directly be-
tween quarks in different non-overlapping nucleons, taken
as having a structure in the form, for example, of the MIT
bag. It is the mutual interaction between the quark and
meson fields, which leads to the saturation property of
nuclear forces [85].

The bag model is taken as an effective realization of
confinement, which must not be taken too literally. The
lattice QCD simulations of Bissey et al. [88] indicate that
the true confinement picture is closer to a T-shaped color
string attached to the quarks. Outside this relatively thin
string one has the ordinary, non-perturbative, vacuum,
where the quarks from other hadrons can pass without
disturbing the structure very much. So, even though the
bag model imposes a strict condition which prevents the
quarks from travelling through its boundary, this must
be seen as the average representation of a more complex
situation and one should not attribute a deep physical
meaning to the surface of the bag nor to its size. In par-
ticular, estimating the density at which the QMC approx-
imation breaks down as the reciprocal of the bag volume
is certainly too mechanical [89]. Of course, there is a den-
sity above which such models become inadequate, but it
is safe [89] to assume that this critical density is large
enough that we can use the model to predict the proper-
ties of neutron stars.

All variants of the QMC model, rather than starting
with the bare N-N force, begin with the concept of a nu-
cleon, modeled by the MIT bag, immersed in a nuclear
medium. The effects of the coupling to the u and d quarks
of a scalar-isoscalar meson (o) mean field, generated by all
the other nucleons in the medium, on the internal struc-
ture of that nucleon are then included self-consistently. As
in earlier boson-exchange models, the o is a crude but con-
venient way to simulate the effects of correlated two-pion
exchange between hadrons. The quarks are also coupled
to w and p mesons, which, at least at the Hartree level,
simply shift quark energies.

Assuming [85] that the nucleon is located in average,
time independent, meson fields &, @ and p, the MIT bag
equations are solved to obtain the expression for the quark
field, depending on the quark-meson coupling constants
g%, g% and g7, the free nucleon radius Ry and the vac-

uum energy density B, adjusted to yield the mass of the
free bag equal to the spin-isospin averaged mass of the
nucleon and the A. Of the coupling constants, only g2
is density dependent. These quark-meson couplings de-
scribe the interaction between quarks in different hadrons.
They act as the source of mean fields in medium as well
as serving to modify the equation of motion of the con-
fined quarks. This leads to a self-consistency problem,
which is highly non-trivial for the scalar field. As a re-
sult, the effective strength of the coupling of the scalar
meson to a hadron containing light quarks is suppressed
as the scalar field increases, or equivalently, as the density
increases.

In this self-consistent calculation at the quark level,
one can express the in-medium nucleon masses Mg (5),
given as a function of the scalar field, through a calculated,
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density-dependent, scalar coupling,

d
Mcff(ﬁ) =M — JoNO + §(ga'N6)2a (4)

where d is the scalar polarizability of the nucleon. This
scalar polarizability is an essential feature of the QMC
model and is related to the bag radius Rp as d = 0.0044 +
0.211Rp — 0.0357R%. A simple relation relates the quark-
meson coupling constants to the nucleon-meson constants

drgq(r), gun = 392,

Bag

gon = 395 9oN = Gp,

(5)
where ¢ is the valence quark wave function for the MIT
bag. The influence of nucleon substructure, in a mean-field
approximation, is entirely described in terms of the param-
eterization of the effective mass of the nucleon through
the density-dependent scalar coupling derived from the
quark model of the nucleon and g¢g¢. Therefore the ex-
plicit description of the internal structure of the nucle-
ons can be replaced by constructing an effective relativis-
tic Lagrangian on the hadronic level, with the calculated
non-linear o-nucleon couplings and proceeding to solve the
RMF equations in a standard way.

The scalar polarizability describes the self-consistent
response of the nucleon to the applied mean scalar field
which tends to oppose that applied field. By analogy with
the electric polarizability of an atom, which tends to ar-
range its internal structure to oppose an applied electric
field, the effective o-N coupling reduces as the surround-
ing o field increases. This mechanism is the origin of sat-
uration of nuclear forces in the QMC model. The scalar
polarizability is a calculated property of the nucleon and
hence introduces no new parameters into the model. More-
over, it is this scalar polarizability which yields the density
dependence of the derived N-N effective force, or equiva-
lently the three-body forces among nucleons.

The outline of the essential features of the QMC model
has been presented so far for nucleons. However, it is di-
rectly applicable to any hadrons [76,85,86]. That is, the
model predicts the existence and strength of the two- and
three-body forces between not just nucleons, but nucleons
and hyperons and hyperons and other hyperons, without
additional parameters.

The essential feature of the QMC model is that it
depends only on three well-defined and constrained ad-
justable parameters, the free nucleon-meson coupling con-
stants gon, gon and g,n. It is customary to define

gan 9N Ion
_ Yo _ Jw _
GO’ - mg ) GUJ - m‘% 9 GP - me) . (6)

Their values are adjusted to reproduce the binding energy
and the asymmetry energy coeflicient of ordinary nuclear
matter at the saturation point. The other parameter is
the bag radius constrained to lie between 0.8 and 1.0 fm.
The w and p meson masses and the isoscalar and isovector
magnetic moments, [76,91-93], are taken at their physical
values. The o meson mass and its very existence as a par-
ticle is not completely clear as yet. It is usually identified
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with the -7 resonance, which has a wide decay width, ob-
served in scattering experiments. The best M _o estimate
lie between 650 and 750 MeV, consistent with applications
in other areas (see e.g. [76, 90, 109] and references therein).
All the other elements of the model are calculated within
the model or determined by symmetry. Consistent with
the requirement for improved theory, all the parameters
of the QMC model have physical meaning and cannot be
varied outside well-defined boundaries.

One persistent feature of the QMC models is that
they predict a value of the incompressibility of symmet-
ric nuclear matter at saturation, Ky, in the range 280 to
350 MeV. This value is somewhat higher than the value
which has been prevalent for many years. In the light
of the recent re-analysis of data on giant monopole res-
onances [94], which finds 250 < Ky < 315MeV, the QMC
predictions are acceptable.

5.1 Application of the QMC model to nuclear matter
and neutron stars

The performance of the QMC model as concerning the
EoS of high-density matter and neutron stars has been
studied in [89]. Similar results have been obtained, with
a slightly variant version of the model in [87,95-97]. The
main results, obtained with the QMC700 EoS, are com-
pared with results from APR [21], SkM* [98] and the
Bethe-Johnson (BJ) model [99]. APR and SkM* are cho-
sen as widely used representatives of nucleon-only realis-
tic potential and non-relativistic mean-field models. APR,
based on A18+v+UIX* the Argonnel8 N-N potential a
relativistic boost and three-body forces, has over 20 pa-
rameters. The Skyrme parameterization SkM* is depen-
dent on seven variable parameters. The BJ model includes
A and X hyperons but the N-Y interaction is different from
the QMC model.

The pressure dependence of the energy per particle of
[b-equilibrium matter, directly relevant for modelling of
neutron stars, is presented in fig. 5. The left hand panel
shows the QMC700 results. The full curve is the predic-
tion for the complete model including the full baryon octet
(F-QMC700), the dashed curve illustrates the result when
only nucleons are present. In this model, the natural ap-
pearance of hyperons, which occurs at € ~ 600 MeV fm =3,
as expected softens the EoS. As we will see, this soft-
ening is vitally important in facilitating the existence of
heavier neutron stars. In the right panel, the APR and
SkM* results, being nucleon-only, show no softening. The
BJ model results show behaviour broadly similar to F-
QMCT700, however there are differences in detail in the
composition and threshold densities of the non-nucleon
species.

However, the mechanism of softening of EoS is com-
plex and variation of composition is not the only way to
achieve it. The pressure also depends critically on the po-
tentials acting between the particles present and, in turn,
on the density dependence of the symmetry energy. Thus,
for example, the SkM* Skyrme model produces a very soft
EoS, in contrast to APR.
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Fig. 5. Left panel: Pressure as a function of total energy den-
sity for sample EoS for (-equilibrium matter containing only
nucleons and leptons p + n + e + 1 (N-QMC700) and the full
baryonic octet and leptons (F-QMC700). Right panel: Results
of BJ (includes hyperons) and APR, SkM* (nucleon only) EoS.
The curve P = € shows the stiffest possible EoS. The kink in
the P-e curves represents the onset of hyperons in F-QMC700
and BJ EoS. For more details see text.
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Fig. 6. Relative population of baryons and leptons in -
equilibrium matter for QMC700. For more explanation see [89].

The predictions of the threshold densities for appear-
ance of hyperons, essential for description of high-density
matter and neutron stars, differ in the QMC model from
the other more conventional relativistic models. As shown
in fig. 6, the QMC model predicts the onset of production
of hyperons at densities about 3 times nuclear saturation
density. Furthermore, the first hyperons to appear are the
cascades, =, together with the A hyperon. The X hyperons
are not produced at densities below 1.2 fm3. This scenario
is a direct consequence of features which are present in the
QMC model and absent in conventional relativistic field
models (for details see [89]). As discussed in sect. 4.3, the
QMC result for X' hyperons is supported by the fact that
no bound X-hypernucleus at medium or high mass has
been found as yet despite dedicated search. The appear-
ance of the = hyperons at rather low densities indicates
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Fig. 7. The gravitational masses of non-rotating neutron-
star models (measured in solar masses) plotted against ra-
dius (in kilometers), calculated in QMC with hyperons (F)
and nucleon-only (N). The number in the curve label means
the ¢ meson mass and 7 indicates models with © meson in-
cluded. The horizontal dashed lines depict the largest neutron
star mass yet reported [32,33]. For more explanation see text
and ref. [89].

the existence of a bound =-hypernucleus. This prediction
is in line with the very recent results of Nakazawa et al.,
who reported observation of a deeply bound state of the
Z7-14N system [80].

In traditional RMF models the sequence of appear-
ance of hyperons with increasing density usually follows
their masses, predicting the A hyperon at lowest den-
sity, followed by X and =. They first appear at density
around twice nuclear saturation density. In these mod-
els the strength of the N-Y interaction is not calculated,
but fitted to data, imposed as a variable parameter or
taken to be the same —or similar to— the N-N inter-
action. This uncertainty in the N-Y potential influences
directly the density dependence of the hyperon popula-
tion. As an example in [100,101] we find two choices of
the Uy potential. When the Uy potential was chosen to
be negative (attractive), the lightest X hyperon appeared
at ~ 0.75fm~3, whereas a positive (repulsive) potential
moves this threshold beyond densities relevant to cores of
neutron stars. Taking the Uz potential to be attractive
in both scenarios causes the predicted appearance of =
hyperons at rather low densities, ~ 0.4fm~3, even lower
than the QMC prediction.

The composition of matter at densities expected in the
cores of neutron stars has a decisive consequence for the
maximum mass of a cold neutron star. Appearance of hy-
perons effects the EoS as is seen clearly in fig. 7. Cold
neutron stars with maximum masses in the range (1.99-
1.90) Mg, depending on the details of the model, were
predicted in QMC three years before their observation, as-
suming matter containing the full baryon octet (nucleons
and hyperons) [89]. The ranges of corresponding radii, cen-
tral densities and central pressures are (12.45-11.93) km
and (1.66-1.74) x 10'° g/cm3, [(6.61-6.93)po] and (182—
209) MeV fm?3. The gravitational red shift is 0.38, in line
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with observational constraint [108], and the speed of sound
is 0.66 c. We note that the central densities are well below
the upper bound quoted in [32].

However, this version of the model does not predict
neutron stars heavier than ~ 2Mg. Should such a star be
observed, the QMC model published in [89] would fail. The
physical constraints of the parameters do not allow their
free variation to adjust the model prediction to new obser-
vational data. The failure would signal a lack of important
physics in the model which would have to be sought after
and included.

In fig. 7 we see clearly that the introduction of the
full baryon octet considerably reduces the possible max-
imum mass. In traditional models this softening is much
more significant and leads to the hyperon puzzle (see e.g.
fig. 13 in [102]), i.e. the presence of hyperons in neutron
star cores prevents existence of neutron stars as massive
as the highest observed. Several remedies have been sug-
gested to remove this difficulty, including introduction of
three body Y-Y forces [103], application of the Auxiliary
Field Diffusion Monte Carlo (AFDMC) model to study
N-A potentials [104], suggestion of hyperon mixing and
universal many-body repulsion in neutron stars [105] or
introducing an alternative theory of gravity [107]. The
QMC model offers a simple solution of this puzzle in calcu-
lating the hyperon-nucleon consistently within its frame-
work. We note that a heavy neutron star was also pre-
dicted in 2006 by Lackey et al. [108] in RMF models with
a specific (empirical) choice of N-Y potentials.

5.2 Application of the QMC model to finite nuclei

One of the significant constraints on the QMC model is the
requirement that it has to perform equally well in infinite
matter (neutron stars) and finite nuclei. First nuclear in-
vestigations, reported by Guichon et al. [90], were limited
to spherical nuclei at closed shells.

In a very recent development [109], QMC based calcu-
lation of a number of properties of open shell even-even
nuclei across the entire periodic table, from 2C to 27°Ds,
including nuclei with quadrupole and octupole deforma-
tion, was performed. A non-relativistic approximation to
QMC [90] was used to derive a density dependent effec-
tive force, hence making direct connection between the
treatment of nuclear structure and the underlying quark
model (and perhaps eventually QCD itself) [86, 90, 110].
A key feature of this force is the novel form for the den-
sity dependence involving inverse powers of (1 + dpG,)
(with G, = g% /m2 and g, the o-nucleon coupling con-
stant at zero density). It is the self-consistent rearrange-
ment of the internal structure of the nucleon in medium,
represented by the scalar polarizability, that gives rise to
the density dependence (or equivalently the many-body
forces).

We recall that the model depends on only four param-
eters (three coupling constants and the choice of mass of
the o meson) which are severely limited in their range.
Yet it produces overall agreement with experimental data
of a quality comparable to successful Skyrme forces which
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have with more parameters which lack physical content
and cannot be uniquely determined. When extended be-
yond the region of data used to obtain the best values
within the limited allowed range, the QMC force pro-
vides an excellent description of diverse data. These in-
clude the ground state binding energies and quadrupole
deformations of super-heavy nuclei (100 < Z < 110 and
146 < N < 160), the evolution of quadrupole deformation
across isotopic chains including shell closures, the shape
co-existence between prolate, spherical and oblate shapes
in the Zr region and the double quadrupole-octupole phase
transition in the Ra-Th region. As an example of the suc-
cess of the QMC model, we show in fig. 8 results of the
calculation of binding energies and quadrupole deforma-
tions of 15 super-heavy nuclei in comparison with cal-
culations using a Skyrme force SV-min [111] and Finite-
Range-Droplet model (FRDM) [112]. Tt is interesting to
note that all Skyrme like models predict under-binding of
super-heavy nuclei and, in contrast, relativistic mean field
models overbind these nuclei. This phenomenon has been
discussed by Reinhard et al. [113], but it is not yet fully
understood in FRDM and QMC models.

These features suggest that this new force may serve
as a powerful tool for nuclear astrophysics and general low
energy nuclear structure studies of relevance to the many
rare-ion beam facilities operating or under construction.

6 Summary and conclusions

The main purpose of this paper has been to critically as-
sess the current status of knowledge of the properties of
high-density matter at and above nuclear saturation den-
sity, with a particular focus on the interior of neutron
stars. Although there is some evidence for constraining
the EoS, particularly of pure neutron matter, below that
density, there is great uncertainty as to what happens
at higher densities. Available astrophysical observational
data, as well as data from terrestrial experiments, have
insufficient accuracy and sensitivity to the microscopic
make-up of the matter to provide information to allow
construction of a meaningful, well-based, EoS.

We focused on the most relevant input data, wviz.
neutron star masses, the simultaneous determination of
masses and radii, and the cooling properties of neutron
stars. Gravitational waves, although they may eventually
make a significant contribution, are as yet unobserved.

The most prominent terrestrial experiments, heavy-ion
collisions, suffer from a significant model dependence in
their analysis and are in any case not providing informa-
tion relevant to the high-density, low-temperature 8 equi-
librium interior of neutron stars. Other terrestrial meth-
ods, including parity violating electron scattering, an-
tiprotonic atoms and determination of the electric dipole
strength function (see review, e.g. [62]) have similar prob-
lems, yielding information of limited relevance to EoS in
stellar environments.

Current mainstream theoretical approaches to high-
density matter have many (correlated) parameters gener-
ally lacking clear physical meaning. The number of equiv-
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Fig. 8. Difference between calculated and experimental bind-
ing energies of superheavy elements as obtained with QMC
and SV-min forces (top panel). Quadrupole deformation pa-
rameters (2 are also shown and compared with predictions of
FRDM [112] (bottom panel).

alent parameter combinations is practically infinite. Any
time a new piece of experimental data appears, in too
many theoretical models there is freedom by parameter
adjustment to obtain agreement with the data. But does
this represent progress? Successul description of the new
data by a model with already fixed parameters is a better
objective. Development of models for only local applica-
tion having very limited or no predictive power in related
phenomena is of little value.

We anticipate progress on both experimental and the-
oretical fronts. On the astrophysics side, the new, now
approved, NICER (The Neutron star Interior Compo-
sition ExploreR) [114] NASA mission promises to “ex-
plore the exotic states of matter inside these stars, where
density and pressure are higher than in atomic nuclei,
confronting theory with unique observational constraints.
NICER will enable rotation-resolved spectroscopy of the
thermal and mon-thermal emissions of neutron stars in
the soft (0.2-12keV) X-ray band with unprecedented sen-
sitivity, probing interior structure, the origins of dynamic
phenomena, and the mechanisms that underlie the most
powerful cosmic particle accelerators known”. In addition,
any signal from gravitational wave detectors would be
most desirable [115]. On the terrestrial side, the FAIR and
NICA accelerators can be expected to shed new light on
the composition of matter created in heavy-ion collisions.
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Finally, as an example of theoretical concepts alterna-
tive to the status quo, we gave space to a Quark-Meson-
Coupling model, which has not hitherto received a lot of
attention. Yet, it offers theoretical insight into medium ef-
fects on the structure of individual hadrons and the origin
of many-body forces in matter over a usefully wide den-
sity range. Both effects are not well understood in current
many-body models. The strongly attractive feature of the
model is the limited number of parameters, well connected
to physics and strongly constrained. Since there is no room
to arbitrarily vary parameters in this model, any disagree-
ment with new data indicates physics beyond the existing
framework.

The extreme conditions of high-density matter stretch
both theory and experiment to their limits. Even partial
solution of the challenges would constitute real progress
in our understanding of Nature.
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