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The interior of neutron stars contains strongly interacting matter at extremely high densities, per-
haps up to ten times nuclear matter saturation density. Under such conditions, it is natural to
assume that exotic matter beyond nucleons appears. This includes hyperons and other baryonic
resonances, meson condensates, as well as free quarks. In this article, we discuss some implica-

tions for such matter on neutron star properties.
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1. Introduction

In recent years many new observations of neutron star properties were obtained and, in the time
ahead, a whole array of upcoming and planned missions and detectors will add to our knowledge
of this exciting field of physics. From the perspective of strong interaction physics the interior of
neutron stars or , more generally, compact stars, is in particular of great interest, as it constitutes
the densest low-temperature environment to be found in nature. This is in contrast to the fireball
created in high-energy heavy-ion collisions, where extreme temperatures beyond 200 MeV can be
reached. Here, depending on the beam energy, net densities (particle minus anti-particle densities)
can also reach ten times nuclear matter density or more, albeit at high temperature. This region
of conditions will be the center of interest for the upcoming facilities FAIR at GSI and NICA
in Dubna. Very intriguingly, proto-neutron stars and, in particular, neutron star mergers, as first
observed in 2017 [1], can reach high temperatures (in the latter case perhaps up to 100 MeV).
Thus, strongly interacting matter is created in stars at conditions similar to the fireball of heavy-ion
collisions at around 1 GeV per nucleon beam energy, though at different isospin of the matter. Still,
compact star and heavy-ion physics start to overlap, which demands theoretical formulations that
can describe both types of systems. Such an approach will be discussed in the following.

2. Model Formalism

The hadronic part of the model, termed chiral mean field model (CMF), is based on an exten-
sion of the chiral ¢ — @ model to include strangeness in a flavor-SU(3) formulation. Details of this
formulation have been discussed in a number of publications [2, 3, 4]. Concentrating on the main
properties, baryons interact via their coupling to mesonic mean fields. The coupling is linear, i.e.
the Lagrangian contains the coupling term:

Lot = —ZBf[}’o(giww+gipP +8ip9) + 8ic0 + 8is0 + gic CB; -

2.1

The sum over the baryons contain nucleons and hyperons, whereas the mesons include the low-
est SU(3) multiplets. In particular, for static matter the mean fields of the Oth components of the
vector mesons @ (isoscalar), p (isovector), and ¢ (strange - antistrange quark state) contribute,
together with the corresponding scalar fields, here denoted as o, 0, and {. Via their nonlinear
self-interactions [2], the scalar fields ¢ and { attain non-zero vacuum expectation values, which
generate the baryon masses through Eq. 2.1. In addition, due to the change of the fields in hot
and/or dense matter the baryon masses are modified in the medium. While scalar fields in gen-
eral lead to attractive interactions, the vector mean fields generate repulsion, which becomes the
dominant part of the interaction for very dense systems.

As argued before, a model description for stellar and heavy-ion matter should include quarks as
degrees of freedom. This is done in the CMFq approach by coupling quark fields to the mean fields
that effectively represent quark condensates, by extending the sum in Eq. 2.1 to include quarks [5,
6]. In addition, an effective field with a respective potential is introduced. This field runs from zero
to values close to one towards high densities and/or temperatures, describing the deconfinement
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transition analogously to the Polyakov loop field in the so-called PNJL quark models [7, 8]. This
field either couples to the quark distribution functions or the quark mass to suppress quarks in the
hadronic phase at lower temperatures and densities. Details of this formulation can be found in
Refs. [5, 6] .

A further recent extension of the model is the treatment of the baryons in the parity-doublet
formulation of chiral symmetry [9, 10, 11]. In this approach the baryons are paired with the negative
parity excited baryonic states into doublets, very much like the scalar ¢ meson and pseudoscalar 7
meson is treated as doublet in linear sigma models. The signature of chiral symmetry restoration in
this case is the degeneracy of the doublet states. Recent QCD lattice calculations of the temperature
of the mass dependence of the doublet states appear to be in accordance with such a picture [12, 13].
From a practical viewpoint, the main difference in the calculation is that the baryonic quasi-particle
energies, e.g. for the case of nucleon, now read:

miy(£) =/ (sno 0+ < T > guaB +m] F ghoOF < 75 > g5 2.2)

where the isospin factor < 73 > is +1 for protons and -1 for neutrons, respectively. The + sign
factor refers to the two opposite parity states. As is obvious from this expression, the masses
become degenerate for the case of vanishing fields. The parity-doublet model allows for a second
set of coupling parameters g’ to the scalar fields as shown in Eq. 2.2, which describe the mass
splitting of the parity doublet states and can be determined by their vacuum values of the splittings.

3. Results

The parity-doublet model as described above has recently been used for calculations of isospin
symmetric matter, relevant for heavy-ion collisions [10], as well as for beta-equilibrated neutron
star matter, discussed in Ref. [9]. In a slightly adjusted fit to this reference (adjusting the parameter
moq in Eq. 5 of this paper to 215 MeV), the resulting neutron star masses as functions of the central
energy density are shown in Fig. 1. In agreement with observations of heavy neutron stars [14, 15]
and limits for maximum star masses deduced from the gravitational wave signal of the neutron
star merger event and its measured afterglow [16, 17], the maximum mass reached is about 2 solar
masses with a central density of 7.5 times nuclear matter saturation density. Fig. 2 depicts the
normalized quark fraction of the baryon number density as function of baryon number chemical
potential up. In the center of the heaviest star (in Fig. 1) the value of g reaches 1730 MeV. From
the figure one can see that there is a phase of mixed matter of baryons and quarks over a wide
range of chemical potential, making the compact star solutions within this model truly hybrid stars,
consisting of hadrons and quarks. The jump in the density, seen in Fig. 2, arises from a weak first-
order phase transition. Fig. 2 also contains the results for the amount of strangeness per baryon f;.
Due to the early occurrence of quarks, hyperons are suppressed and strange particles only come in
at high densities when the strange quark appears.

In general, hybrid star phases might appear at later stages of the neutron star evolution. This is
possible if one looks at rotational as well as effects from strong magnetic fields. As deduced from
the observation of magnetars, the stellar surface magnetic fields might reach values of 10'> Gauss
or higher [18, 19, 20]. The magnetic field in the interior of stars could be significantly stronger, still.
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Figure 1: Mass of neutron star as function of central energy density. The structure at about 1.3 solar masses
originates from the population onset of the neutron parity partner.
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Figure 2: Normalized quark fraction of beta-equilibrated stellar matter as function of baryon chemical
potential. The strangeness fraction f; of matter is also shown.
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The effect of such high magnetic fields on a hybrid star has been studied in Refs. [21, 22], where a
similar quark-hadron model as described above, but with a stronger phase transition from hadrons
to quarks has been employed [5]. In Fig. 3 the composition of a star with fixed baryon number
for different magnetic field strengths is shown, starting from the bottom right panel with a central
field B, = 9.1 x 10'7 G down to vanishing field (top left panel), which corresponds to snapshots in
time of a star with decaying fields. The pressure from the magnetic field leads to a strong reduction
of the stellar central density. Therefore, for high fields the star consists only of nucleons (plus
leptons). With decaying field, hyperons appear and, in the end, quarks are populated in a first-order
phase transition in the core of the star generating a hybrid star. Such change of composition has an
impact on radius and moment of inertia of the star, leading to potential observable consequences
in the spin-down or spin-up of the star as discussed in Ref. [21]. Note that this behavior does not
rely on fast rotation of the star and is, therefore, applicable to magnetars, which have so far been
observed to have slow rotation. In summary, model calculations of hybrid stars with an extended
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Figure 3: Particle composition of stellar matter as function of baryon chemical potential for different central
magnetic fields. The corresponding values for the total stellar magnetic moment L is also indicated.

mixed phase have been presented, which show maximum star masses that are in agreement with
observation. The approach allows for the calculation of a general equation of state of hot and dense
matter that can be used in studies of heavy-ion collisions [10] as well as neutron star mergers [23].
In addition, strong magnetic fields can have a significant effect on the particle content of the star,
suppressing exotic degrees of freedom like hyperons and quarks.
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DISCUSSION

GIULIO AURIEMMA QUESTION: Do you have any guess about the role in the EOS of multi-
quark states?

STEFAN SCHRAMM ANSWER: In general, additional degrees of freedom soften the equation
of state, and in turn reduce the maximum mass of neutron stars. Pentaquarks and similar states are
most likely too heavy to occur in stars. If there were low-mass bosonic even-number quark states
like the often-discussed H dibaryon, boson condensation effects could soften the EOS significantly
generating low-mass stars in conflict with observation.



