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In this lecture, we discuss the properties of dense hadronic matter inside
neutron stars. In particular, we pay attention to the role of strangeness in
the core of neutron stars by analysing the presence of baryons and mesons
with strangeness. We consider two interesting possible scenarios in their
interior, that is, the existence of hyperons leading to the so-called hyperon
puzzle and the presence of a kaon condensed phase inside neutron stars.
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1. A short introduction to neutron stars

Neutron stars (NSs) are an excellent laboratory to study the proper-
ties of matter under extreme conditions of density, isospin asymmetry, and
temperature as well as in the presence of strong gravitational and magnetic
fields.

NSs are the final product of core-collapse supernovae. They are in hydro-
static equilibrium with the gravitational collapse mainly counterbalanced by
the neutron degeneracy pressure. NSs usually have masses around 1-2Mq
and radii about 10-12 km, that leads to average densities of ~ 10'* g/ cm3,
hence, to very compact stellar objects. However, these stars show an onion-
like configuration, where densities extend over a large range. A diagram-
matic representation of their internal structure is shown in Fig. 1, where
several layers can be seen, that is, the atmosphere; the outer and inner
crust, width =~ 1 km; and the core, split in the outer and inner core, with a
radius of ~ 10 km which contains almost the total mass of the NS.
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Fig. 1. Hlustrative representation of the interior of a neutron star. Figure adapted
from Ref. [1] and taken from Ref. [2].

In spite of the fact that the inner region of an NS is the largest part and,
therefore, the one that determines the properties of an NS, its composition is
not known. Thus, several hypothesis have been put forward. These include
the presence of matter made of hadrons, such as baryons or mesons, and/or
the existence of deconfined quark matter.

In this lecture, we aim at describing the properties of hadronic matter
inside NSs and the consequences for the structure of these compact objects,
paying a special attention to the role of strangeness in the interior of NSs.
We refer the reader to [2-4] for recent reviews on dense matter in NSs.

We start by assuming baryonic matter inside NSs. NSs are charge-neutral
objects equilibrated by weak interaction processes, that is, they are in S-equi-
librium. This equilibrium can be expressed as

by > b+ 1+ 1, bo+1— b1+, (1)

where b; refers to a certain type of baryon, [ represents a lepton, and v
and 7; are the corresponding neutrino and antineutrino, respectively. The
composition of the interior of NSs is determined by studying all the possible
weak reactions among the different species inside the core. This can be
expressed by means of the particle chemical potentials u;, such as

Mo, = Bbiun_qb¢M€7
Wy = —qi; e » (2)

where By, is the baryonic number of a given baryon b;, ap,(1;) is the charge
of b; baryon (I; lepton), and p, and p. are the chemical potentials of the
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neutron and electron, respectively. We note that (anti-)neutrinos freely es-
cape without contributing to the energy balance as their mean-free path is
larger than the typical size of an NS.

The charge neutrality is guaranteed by

> s+ am =0, (3)
b, 1;
where py, (i) is the density of bi(1;) with the total baryonic density given by

pP= Z By, po, - (4)
b;

In order to connect the microphysics to the bulk properties of an NS,
specifically the mass and radius of an NS, we need to solve the so-called
structure equations for NSs. These can be determined by means of Einstein’s
general relativity theory. In the case of a spherical static star, the Einstein
field equations become the Tolman—Oppenheimer—Volkoff (TOV) structure
equations’

-1
dlz ?(j") = 5 () + P [M(r) + 4 P(1)] [1—2]\{@] » ()
d]\j:r) = 4mrie(r), (6)

where we have used G = ¢ = 1 units.

The TOVs are a set of coupled equations that describe the hydrostatic
equilibrium obtained in general relativity. Their interpretation is straight-
forward. From Eq. (6), the mass energy of a shell of matter of radius r and
thickness dr can be obtained. As for the left-hand side of Eq. (5), this is
related to the net force acting outwards on the surface of the shell by the
pressure difference between the interior and the exterior, dP(r), while the
right-hand side of this equation comes from the force of gravity acting on
the shell due to the mass accumulated in the interior.

In order to solve the TOVs, we need to determine the pressure P and
the associated energy density e for a given composition of the interior of the
NS, that is, we need the so-called equation of state (EoS). Once the EoS is
fixed, the TOV equations can be integrated by fixing the initial conditions
to the enclosed mass and the pressure at the center of the NS, M (r =0) =0

! We note that NSs are usually detected as pulsars, that is, rotating stars. Therefore,
the spherical symmetry is broken and the axial symmetry is the only symmetry
remaining as NSs flatten with rotation. This leads to study rotating NSs with a
perturbative method developed by Hartle and Thorne [5].
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and P(r = 0) = P, with P, taking an arbitrary value from the EoS. The
integration over the radial coordinate r finishes when P(r = R) = 0, with
R being the radius and M (R) the total mass M of the star, respectively.

2. The nuclear equation of state

As we mentioned earlier, the gravitational collapse of NS is mainly coun-
terbalanced by the neutron degeneracy pressure. Thus, one of the first hy-
pothesis for baryonic matter would be to consider the interior of NSs as a
neutron Fermi gas. However, this is a very unrealistic scenario. On the one
hand, an NS must contain a small fraction of protons and electrons to inhibit
neutrons from decaying into protons and electrons by their weak interactions.
On the other hand, the Fermi gas model ignores nuclear interactions, which
give important contributions to the energy density. Therefore, we start by
assuming that the core of an NS is made of nuclear matter.

The EoS of nuclear matter describes an idealised infinite uniform system
made of nucleons (protons and neutrons), where the Coulomb interaction
is switched off. Symmetric nuclear matter refers to a system with an equal
number of neutrons and protons, and is the easiest approximation to bulk
matter in heavy atomic nuclei. Pure neutron matter, on the other hand, is
the simplest approach to hadronic matter in the NS core.

The energy per nucleon of the nuclear system for a given density p can
be expressed as

E E
S0 0) =5 (p.0)+ 5P+ (7)

with 6 = (N — Z)/A and A = N + Z, where N(Z) is the neutron (proton)
number. The energy per nucleon of symmetric nuclear matter (§ = 0) is
given by (E/A)(p,0), while S(p) is the symmetry energy that measures the
energy cost involved in changing the protons into neutrons. If we expand
both terms around nuclear saturation density, pg, we obtain

E E 1

— P - 2
$0.0) = Zo0) + 5 Ko
1 1
S(p) = S0+§L€+E Sym€2+---a (8)

where € = (p—po)/po. The binding energy per nucleon at saturation density,
(E/A)(po), and the incompressibility at the saturation point, Ky, are called
isoscalar parameters, whereas the symmetry energy coefficient at saturation
density, So, L, and Kgym, that give the density dependence of the symmetry
energy around saturation, are usually referred to as isovector parameters.
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These parameters are given by

)

92(E/A4)(p.0 1 (0*(E/A)(p,o

oS %8
L = 3pg <6(p’0)> , Koym = 9p(2J ( ap(zp)> . 9)
Po Po

The energy density of the system £(p, §) and the pressure P are straight-
forwardly obtained by

e(p,0) = p%(p, 5),

P(p,8) = pza(E/gl[))(p,é) :pasg;(S)

—e(p,9). (10)

2.1. Constraints on the nuclear equation of state

Several constraints on the nuclear EoS can be obtained from nuclear
experiments and/or observations. Nonetheless, we have to take several of
these constraints with caution since they are determined after using theo-
retical modelling and/or by means of extrapolations to domains not attain-
able by experiments and/or observations. In this section, we present some
experimental and observational constraints that are usually considered for
constraining the nuclear EoS.

2.1.1. Constraints from nuclear experiments

Several constraints on the isoscalar and isovector parameters can be ex-
tracted from nuclear experiments.

With regard to the previously mentioned isoscalar parameters of the nu-
clear EoS, the values for the nuclear saturation density pg = 0.15-0.16 fm =3
and the binding energy per nucleon at that density (E/A)(pg) = —16+1 MeV
have been determined from the measurement of density distribution [6] and
nuclear masses |7|. As for the incompressibility at saturation density Ky,
the extraction of its value is complicated and results have a wide spread of
Ky ~ 200-300 MeV (see, for example, [8—10]).

As for the isovector parameters Sp, L, and Ky, these can be extracted
from experiments involving isospin diffusion measurements [11], analysis of
giant [12] and pygmy resonances [13, 14], isobaric analog states [15], isoscal-
ing [16], production of pions [17] and kaons [18-20] in heavy-ion collisions
(HICs) or data on neutron skin thickness of heavy nuclei [21-24]. While S
is relatively well constrained around ~ 30 MeV, L and Ky, are still poorly
known.
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2.1.2. Constraints from neutron star observations

Other sources to constrain the nuclear EoS come from NS observations,
such as masses and radii, and more recently from gravitational wave detec-
tion.

The mass of an NS can be determined if the NS is located in a binary
system by means of the Kepler law modified by general relativity effects. In
binary systems, there exist five Keplerian (also called orbital parameters)
that can be measured with good precision. These are the binary orbital
period (F,), the orbit eccentricity (e), the projection of the semi-major axis
onto the line of sight (z = ay sin i, with ¢ being the inclination angle of the
orbit), and the time of the periastron (7p) and its longitude (wp). Using
Kepler’s law, the so-called mass function can be obtained. This is a relation
between the masses of both stars and some of the observed orbital parame-
ters, that is, f(Mp, Mc,i) = Mg sin®i/(Mp + Mc)? = 4r2x3 /P2, with Mp
representing the mass of the NS (P = pulsar) and M¢ being the mass of its
companion.

In order to determine both masses, we need more information. We then
resort to determine the deviations from the Keplerian orbit due to gen-
eral relativity effects. These effects can be described by the so-called post-
Keplerian parameters. These post-Keplerian parameters are the advance of
the periastron (w), the changes in the transverse Doppler shift together with
the gravitational redshift around an elliptical orbit (), the range (r) and
shape (s) of the Shapiro time delay, and the orbital decay (P,). We note that
the post-Keplerian parameters are dependent on the Keplerian parameters
and the two masses in the binary system. Therefore, if we could deter-
mine at least two of them as well as the mass function, we could obtain the
masses of the two stars. The further determination of a third post-Keplerian
parameter will result in a test of general relativity.

Nowadays, more than 2000 pulsars have been discovered, with some of
their masses very well determined. The detection and measurement of the
masses of the Hulse-Taylor pulsar and its companion [25] resulted in the
Nobel Prize in 1993 for Hulse and Taylor, because it allowed to test Ein-
stein’s general relativity. More recent accurate values of 2Mg have been
reported, for the PSR J1614-2230 [26, 27], the PSR J0348+0432 [28], and
the PSR J0740+6620 of 2.14T539 M, [29]. As we will later discuss, these
2M measurements are sometimes in tension with theoretical predictions
for EoSs that take into account the presence of hyperons.

With regard to radii, these were extracted from studying the X-ray spec-
tra emitted by the NS atmosphere. This is a rather difficult task as the X-ray
spectra strongly depend on the distance to the star, its magnetic field, and
the composition of the atmosphere. However, very recently, the situation has
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dramatically improved with space missions such as NICER (Neutron star
Interior Composition ExploreR) [30], and the future STROBE-X (Spectro-
scopic Time-Resolving Observatory for Broadband Energy X-rays) [31] and
eXTP (enhanced X-ray Timing and Polarimetry) [32], since high-precision
X-ray astronomy offers precise determinations of masses and radii in a simul-
taneous way. Simultaneous measurements of masses and radii are already
becoming available from NICER, with the first precise measurements of
the radii and masses of the millisecond pulsars PSR J0030+0451 and PSR
J0740+6620 [33-36].

Furthermore, the detection of gravitational waves coming from the merger
of two NSs by the LIGO and VIRGO collaborations [37, 38| has opened new
frontiers. Gravitational waves from the late inspirals of NSs depend on the
EoS, via the so-called tidal deformability. Indeed, the tidal deformability
depends on the NS compactness. Therefore, the measurement of the tidal
deformability helps to constrain the EoS.

2.2. Theoretical models for the nuclear equation of state

Nuclear matter inside the core of an NS can be described by means of dif-
ferent theoretical many-body approaches that are usually classified between
microscopic ab-initio schemes and phenomenological approachess.

Microscopic ab-initio approaches refer to schemes where the nuclear EoS
is obtained by solving the many-body problem from two-nucleon (NN)
and three-nucleon interactions (NNN). These NN and NNN interactions
are fitted to scattering data and finite nuclei. These schemes include the
ones based on the variational analysis [39], quantum-Monte Carlo methods
[40-42|, the formalism of the correlated basis function [43], diagrammatic
approaches (among them, the Brueckner-Bethe-Goldstone expansion [44],
the Dirac-Brueckner-Hartree-Fock (DBHF) method [45, 46| and the self-
consistent Green’s function scheme [47]), renormalization group methods
[48], and lattice Quantum Chromodynamics (LQCD) computations [49, 50].
While the advantage of the vast majority of these approaches is being able
to systematically add higher-order contributions that allows for a controlled
determination of the nuclear EoS, the main disadvantage lies in the appli-
cability to large densities, since incorporating higher-order terms makes the
computations more difficult.

Phenomenological schemes are based on interactions that depend on the
density and are adjusted to nuclear observables and observations coming
from NSs. Among others, we have non-relativistic energy-density func-
tionals, such as the Skyrme [51] or Gogny [52] approaches, or relativistic
models, usually derived from a hadronic Lagrangian, using the mean-field or
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Hartree-Fock approximations [53, 54|. The clear advantage of these ap-
proaches is the applicability to large densities, while the disadvantage lies in
the non-systematic character of these approaches.

For more details on these approaches, we refer to the recent works [4, 55,
56].

3. Equation of state with strangeness

Given the extreme density conditions inside NSs as compared to those
found on Earth, the existence of new phases of matter in their interior is
therefore possible. In particular, the presence of strange baryons (also called
hyperons) and strange mesons (antikaons) in the interior of NSs has been
explored extensively over the years. In this section, we aim at describing
strange hadronic matter and the consequences for the structure of NSs. In
particular, we will discuss the so-called hyperon puzzle and the phenomenon
of kaon condensation in NSs.

3.1. Strange baryons: Hyperons

Hyperons are baryons with one or more strange quarks. They are usually
denoted by Y and refer to A, X, and =. In this part of the lecture, we
aim at describing the role of hyperons inside NSs. To this end, we first
start by summarizing the present experimental status of the YN and YY
interactions, followed by shortly describing several theoretical approaches for
the YN and Y'Y interactions. We continue by analyzing the properties of
hyperons in a many-body baryonic system, and finally address the presence
of hyperons in NSs and the hyperon puzzle.

3.1.1. Experimental status for YN and Y'Y interactions

In contrast to the NN system, the YN and Y'Y interactions are poorly
constrained. The experimental difficulties arise from the short lifetime of
hyperons together with the low-density beam fluxes. While for the AN and
XN systems there are hundred of scattering events [57-61], few exist for the
Z N system and non-scattering data is available for YY'.

Alternatively, the study of hypernuclei, that is, bound systems com-
posed of nucleons and one or more hyperons can give us information on the
YN and YY interactions. More than 40 single-A hypernuclei, and a few
double-A and single-=" ones have been detected. As for X hypernuclei, the
experimental confirmation is ambiguos, indicating that the YN interaction
is most probably repulsive. For a short review on hypernuclei, we refer to
Ref. [62].
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More recently, femtoscopy has emerged as a very interesting tool to
study reactions among hadrons [63]. Femtoscopy consists in measuring the
hadron—hadron correlation in momentum space by obtaining the ratio of
the distribution of relative momenta for pairs produced in the same colli-
sion and in different collisions (mixed events). If the measured correlation is
larger than one, the interaction is attractive, whereas the values are between
zero and one if the interaction is repulsive or a bound state exists. Thus,
the comparison of the measured correlation functions with the theoretical
predictions will give us information on hadron—hadron interactions, and in
particular, on the YN and Y'Y interactions.

3.1.2. Theoretical approaches to YN and Y'Y interactions

In the past, there has been a lot of theoretical progress trying to describe
the YN and YY interactions. The theoretical schemes can be grouped in
meson-exchange schemes, chiral effective field theory (YEFT) approaches,
calculations on LQCD, low-momentum schemes, and quark-model poten-
tials.

The basic idea in meson-exchange models is that the interaction between
two baryons is mediated by the exchange of mesons. Starting from the
N N meson-exchange model, SU(6)gayor Symmetry is assumed to obtain the
YN and YY interactions in the Jiilich [64] potential, whereas SU(3)gavor
symmetry is assumed for the Nijmegen [65] one.

As for the YEFT schemes, the YN and Y'Y interactions have been built
by the Jiillich-Bonn—Munich group starting from their previous NN yEFT
approach [66-68].

In regard to LQCD, the QCD path integral over the quark and gluon
fields at each point of a four-dimensional space-time grid is solved by means
of Monte Carlo techniques. The HALQCD [69] and NPLQCD [70] collabo-
rations are pioneers in this respect.

Finally, the YN and YY interactions have been described using other
schemes that include low-momentum interactions and quark-model poten-
tials. The former determines a universal effective low-momentum potential
for YN and Y'Y using renormalization-group methods [71], whereas the lat-
ter builds the YN and Y'Y interactions within constituent quark models [72].

3.1.3. Hyperons in dense matter

The properties of hyperons in dense matter can be obtained from the
YN and YY interactions by means of incorporating corrections from the
surrounding many-body medium. Within this microscopic formulation, one
of the most used scheme is the Brueckner—Hartree-Fock (BHF) approach
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to calculate single-particle potentials of hyperons in dense nuclear matter.
The starting point of this approach is the use of the NN, YN, and YY
potentials, supplemented by three-body forces.

Whereas initial works on BHF computations were based on the Jiilich
and Nijmegen meson-exchange potentials, more recently, the single-particle
potentials for hyperons have been obtained with the YEFT approaches.
Within these schemes, the A and X single-particle potentials have been com-
puted [73, 74]|. The X-nuclear potential is found to be repulsive, whereas the
A single-particle potential is in good qualitative agreement with the empir-
ical values extracted from hypernuclear data, becoming repulsive at about
two to three times saturation density. As for the = single-particle potential
in nuclear matter, values ranging between —3 to —5 MeV are determined,
whereas the reported experimental value is larger.

The effect of three-body forces has been also studied, in particular for the
case of the A-nuclear interaction [75]. The inclusion of the three-body forces
is important for obtaining binding energies of few nucleons, scattering ob-
servables, and the nuclear saturation properties in non-relativistic schemes,
such as BHF. The implementation of three-body forces for the A-nuclear
interaction in dense matter gives an extra repulsion at large densities that
could be relevant for the presence of hyperons in NSs [76, 77|, as we will
discuss in the next section.

3.1.4. Hyperons inside neutron stars: the hyperon puzzle

As previously mentioned, a realistic scenario inside NSs involves the pres-
ence of neutrons and protons interacting, as well as electrons via weak equi-
librium reactions when nucleons are involved”. However, more exotic degrees
of freedom could be also expected in the core of an NS.

Hyperons in NSs were first taken into consideration in the seminal
work |78]. Ever since, the presence of hyperons in the interior of NSs has
been thoroughly studied (for recent reviews, see [2, 4, 62, 79]). Hyperons
may appear inside NSs at densities of ~ 2-3pg. This is due to the fact that
the nucleon chemical potential could be so large at these densities that it is
energetically more favourable to have hyperons than nucleons. As a result,
the EoS becomes softer as the system relieves Fermi pressure, as observed in
the left panel of Fig. 2. If the EoS becomes softer, then there is less pressure
inside an NS, and, hence, the NS has less mass, as shown in the right panel
of Fig. 2. The softening of the EoS may then lead to maximum masses not
compatible with the 2Ms measurements, such as the masses of the PSR
J1614-2230 [26, 27], PSR J0348+0432 [28|, and PSR J0740+6620 [29], as

2 We have not explicitly mentioned the existence of muons, but those can also be
present when nucleons are considered.
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seen in the right panel of Fig. 2. This fact is usually referred to as the hy-
peron puzzle, and several solutions have been put forward in order to have
hyperons in the interior of 2Mg NSs. Here, we briefly comment on them.
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Fig. 2. The EoS (left panel) and the corresponding NS mass (right panel), without
(black solid lines) and with (red dashed lines) hyperons. The mass of the Hulse—
Taylor pulsar and the masses of PSR J1614-2230 [26, 27], PSR J0348+0432 [28],
and PSR J0740+6620 [29] are shown with horizontal lines. Figure taken from
Ref. [80].

One solution to the hyperon puzzle takes into account stiff YN and
Y'Y interactions (see, for example, [81-84]). In this manner, the softening
due to the presence of hyperons is overcome, thus reaching 2Mg. Another
possible way of solving the puzzle is given by the stiffening of the EoS thanks
to hyperonic three-body forces. The hyperonic three-body forces give an
additional repulsion at large densities,thus, the EoS becomes stiff enough in
order to be able to obtain 2Mg stars [75-77, 85-90]. However, no general
consensus has been reached. Other solutions consider the appearance of
new species that could push the presence of hyperons to larger densities,
such as A baryons [91-93] or a kaon condensed phase (see discussion on
kaon condensation in the next section). Moreover, solutions based on the
appearance of non-hadronic degrees of freedom have been taken into account,
such as an early phase transition to quark matter below the hyperon onset
(see Refs. [94-98] for recent papers). And, finally, more exotic solutions
have been put forward, such as the use of modified gravity to accommodate
hyperons inside 2M, stars [99].
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3.2. Strange mesons: Antikaons

Up to now, we have assumed that hadronic matter is made of baryons.
However, another possible scenario inside NSs is the presence of bosonic
matter, in particular, the presence of strange mesons (antikaons denoted
by K) in the core of NSs. In order to fully understand the plausibility of
having strange mesons in the interior of NSs, we should first address the
interaction of strange mesons with dense matter and how the properties of
strange mesons are modified in a dense medium.

Therefore, in this section, we start by analysing the K N interaction and
the role of the A(1405) resonance. Afterwards, we address the interaction
of strange mesons in a many-body system of nucleons. We continue by
examining the role of strange mesons in HICs, where a dense medium is
produced. And, finally, we discuss the presence of antikaons in NSs, and the
phenomenon of kaon condensation.

3.2.1. The KN interaction: the A(1405)

The KN interaction is governed by the presence of the A(1405) state,
which is a strange resonance with isospin I = 0, spin and parity J* = 1/27,
and strangeness S = —1. The A(1405) was predicted to be of molecular type
more than 50 years ago by Dalitz and Tuan [100, 101]. Since then, a lot of
effort has been invested to understand its nature and, hence, the role of this
state in the KN interaction. Several theoretical approaches that include
coupled-channel unitarized theories using meson-exchange models [102, 103]
or meson—baryon xEFT [104-112] have been used over the years. Interest-
ingly, these works conclude that the dynamics of the A(1405) is described
by the superposition of two states, between the KN and X thresholds
[106, 109, 113] that can be seen experimentally in reaction-dependent line
shapes [109].

3.2.2. Antikaons in matter

Once we know the features of the KN interaction, we can then address
the interaction of antikaons in a many-body system of nucleons. Over the
last decades, antikaons in nuclear matter have been extensively analysed.
The first works used relativistic mean-field models (RMF) [114] or quark—
meson coupling schemes [115] to obtain very large antikaon potentials of a
few hundreds of MeVs at saturation density pg. Nevertheless, the doubtful
assumption of the low-density theorem led these works to determine such
a large K potential in dense matter. The need of a description of the KN
interaction taking into the A(1405) in matter is essential.
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One possible manner to proceed is by using unitarized theories in cou-
pled channels in dense nuclear matter, based on YEFT [116-118] or from
meson-exchange schemes [119, 120], in both cases including the strange de-
gree of freedom. Different effects have to be taken into account to fully
determine the behaviour of the A(1405) in dense matter and, hence, the
medium modified KN interaction. Those are:

(i) the implementation of Pauli blocking on baryons in the intermediate
meson—baryon propagator [121];

(ii) the inclusion of the K potential (or self-energy) in the K propagation
in dense matter [117]; and

(i4i) the incorporation of self-energies of all hadrons in the intermediate
states [118].

Within these schemes, an attractive antikaon potential is obtained with val-
ues below 100 MeV at saturation density. Moreover, the potential shows
a considerable imaginary part, that is, the antikaon develops an important
width due to the appearance of new decay channels of the antikaon in matter.

3.2.3. Experiments and observations: heavy-ion collisions

A possible scenario to analyse the interaction of antikaons with a dense
system and, hence, extract information on the antikaon potential is to study
the creation and propagation of antikaons in HICs for the intermediate beam
kinetic energies [GeV|. This analysis, however, requires the use of transport
schemes to fully model the collisions. Transport models can be understood as
the link between the experiments and the physical processes, since they con-
sider the production and propagation of all kinds of species, such as strange
mesons (see Ref. [19] for a review on strangeness production). These schemes
solve semi-classical transport equations of the Boltzmann-type, coming from
non-equilibrium quantum field theory.

First transport calculations for antikaons in matter were performed ne-
glecting the finite width of the antikaon potential in dense matter [122, 123].
Later on, the antikaon production was determined by means of off-shell dy-
namics with full in-medium antikaon properties within the Hadron-String-
Dynamics (HSD) transport model [124]. In this case, the KN interac-
tion in dense matter was obtained from the Jiilich meson-exchange model
[119, 120]. Recently, strangeness production in HICs at (sub-)threshold ener-
gies of 1-2 AGeV based on the microscopic Parton—Hadron-String Dynamics
(PHSD) transport approach has been studied, considering the in-medium
antikaon properties from the yEFT approach of Refs. [125-127]. Several
experimental observables that involved strange mesons have been analysed,
such as rapidity distributions, pp-spectra, the polar and azimuthal angular
distributions, and directed and elliptic flow in C4+C, Ni+Ni, and Au+Au
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collisions. The comparison of this analysis with the experimental data from
the KaoS, FOPI, and HADES collaborations leads to the conclusion that
the modifications of the strange meson properties in dense nuclear matter
are necessary to explain the data consistently [20].

3.2.4. Experiments and observations: kaon condensation in neutron stars

The presence of antikaons inside the core of NSs is another possible
scenario. As mentioned earlier, the composition of matter in NSs is found by
demanding equilibrium against weak interaction processes. In particular, for
matter composed of neutrons, protons, and electrons, the weak interaction
transitions are given by

n —>pe U,
e p = ne, (11)

with p, = pp + pe and p, = pe, with p = p, + p,,. However, if the chemical
potential of the electron substantially increases with density in the interior
of an NS, antikaons might be produced instead of electrons as the following
weak reactions could become energetically more favourable:

nep+ K. (12)

In order for these reactions to take place, the chemical potential of the
electron for a given density in the core of an NS should be larger than the
effective mass of antikaons at that density, that means, pe > m¥, see Fig. 3.
If this is the case, the phenomenon of kaon condensation would take place
as antikaons would appear and form a condensed medium.

(MevV) 4_
400 T m*
200 —+
He
| i I
1 2 3 P/Po

Fig. 3. Illustrative picture depicting the evolution of the electron chemical potential
tte and the antikaon effective mass m?

% with baryon density in the interior of NSs.
Taken from Ref. [2].
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The possible existence of kaon condensation in NSs was considered in
the pioneering work of Ref. [128]. The question that needs to be answered
is whether the mass of antikaons could be largely modified in the nuclear
medium. This is the case of some phenomenological schemes, in partic-
ular those based on RMF models (see, for example, the recent results in
Refs. [129-132]). However, the large modification in the mass of antikaons
embedded in a nuclear medium is not obtained in microscopic unitarized
schemes (see, for example, Refs. [117-120, 125-127, 133]).

4. Conclusions and outlook

In this lecture, we have considered the properties of strange hadronic
matter in a dense medium and, more precisely, inside NSs. In particular,
we have discussed two possible scenarios in the interior of NSs, that is,
the presence of hyperons which might lead to the hyperon puzzle and the
phenomenon of kaon condensation.

To finalize, we would like to discuss the future venue to address strange
matter inside NSs through X-ray observations. In Fig. 4, we show the mass—
radius diagram for NSs taking into account different possible scenarios inside
NSs, together with constraints from pulse profile modelling with eXTP [32].
The expected constraints from pulse profile modelling of rotation-powered
pulsars with eXTP are shown with the orange error contours for PSR J1614-
2230 |26, 27], PSR J2222-0137 [134], PSRJ0751+1807 [135], and PSR J1909-
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Fig.4. Constraints from pulse profile modelling of rotation-powered pulsars with
eXTP. Figure adapted from Ref. [32] and taken from Ref. [2].
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3744 [135]), whose masses are known precisely. The EoS models® include
nucleons (models AP3 and AP4) [39], quarks (u, d, s quarks) [139, 140],
nucleons and hyperons (inner core with nucleons and hyperons, outer core
with only nucleons) [81], or quarks and nucleons giving rise to hybrid stars
(inner core of quarks, outer core of nucleons) [98]. The CEFT region shows
the range of the nucleonic YEFT EoS [141], while the pQCD domain results
from interpolating CEFT at low densities and matching to perturbative
QCD (pQCD) computations at higher densities [142].

From this figure it is clear the need of having precise simultaneous mass-
radius observations to disentagle between the theoretical predictions for dif-
ferent types of dense matter inside NSs. Nonetheless, other observations are
very much welcome, such as those coming from gravitational wave emission
of NS binary mergers.
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