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The recent observation of the compact star XTE J1814-338 with a mass of M = 1.2+0.05
−0.05 M⊙ and a radius

of R = 7+0.4
−0.4 km, together with the HESS J1731-347, which has a mass of M = 0.77+0.20

−0.17 M⊙ and a radius
of R = 10.4+0.86

−0.78 km, shows they provide evidence for the possible presence of exotic matter in the core of
neutron stars and significantly enhance our understanding of the equation of state for the dense nuclear matter.
In the present study, we investigate the possible existence of negative charged kaons and neutral anti-kaons in
neutron stars by employing the relativistic mean field model with first order kaonic (K− and K̄0) condensates.
To the best of our knowledge, this represents a first alternative attempt aimed to explain the bulk properties
of the XTE J1814-338 object and at the same time the HESS J1731-347 object, using a mixture of kaons
condensation in dense nuclear matter. In addition, we compare our analysis approach with the recent observation
of PSR J0437-4715 and PSR J1231-1411 pulsars, proposing that to simultaneously explain the current variety
of astrophysical objects, it is essential to resurrect a scenario of two distinct branches, each corresponding to a
different composition of nuclear matter.

Keywords: Neutron Stars, Equation of State, Exotic matter, Kaon condensation

Introduction. We know today that neutron stars (NSs) are
compact celestial objects with densities approaching and ex-
ceeding the nuclear saturation density, typical for atomic nuclei.
Bulk properties of NSs, such as the maximum mass that ex-
ceeds 2M⊙ and the radius at canonical mass around 1.4M⊙
(R = 12−13 km), can be reproduced by a nuclear equation of
state (EoS) considering neutrons, protons and electrons, even
if further degrees of freedom are introduced, such as muons,
hyperons and kaons [1, 2]. In particular, kaon condensation in
dense matter was suggested by Kaplan and Nelson [3], and has
been discussed in many other publications [4–7]. Because of
the attraction between K− and nucleons, its energy decreases
with increasing density, and eventually, if it drops below the
electron chemical potential in a β-equilibrium NS matter, a
Bose condensate of K− will appear. The kaon-nucleon inter-
action in vacuo has been described by Brown et al. [4] using
an effective Lagrangian based on chiral perturbation theory.

The K−N interaction is well described and fortunately
is not affected much by resonances as the K−p interaction.
Kaiser et al. [6, 7] have used energy dependent K−N ampli-
tudes calculated in a coupled-channel scheme starting from the
chiral SU(3) effective Lagrangian. They correct for correlation
effects in a nuclear medium and find that K− condenses at
densities higher than 4ρ0, where ρ0 = 0.16 fm−3 is the nor-
mal density of nuclear matter. This should be compared to the
central density of 4ρ0 for a NS of mass 1.4M⊙ according to
the estimates of Wiringa et al. [8] using realistic models of
nuclear forces. The condensate could change the structure and
affect the maximum masses and cooling rates of massive NSs.
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Within the extremely dense core of NSs, the density and
pressure can reach quite high values, energetically allowing
the formation of kaons in order to balance the Fermi energy
and reduce the overall energy density. As the density in NSs
increases, electrons become highly degenerate, and beyond a
certain threshold, it becomes energetically favorable for K− to
replace electrons as charge neutralizing agents. This procedure
introduces an excess of strangeness, as K− contains an anti-
strange quark (s̄). With further increase in density, the energy
conditions favorable the formation of K̄0 (mK̄0c2 > mK−c2),
which, due to their lack of electric charge, introduce additional
strangeness without altering the charge neutrality. The pres-
ence of K̄0 leads to further softening of the EoS at high energy
density enabling the formation of strangeness-rich compact
object.

Until very recently, NSs or compact objects with mass be-
low the canonical mass of 1.4M⊙ were unclassified. Specifi-
cally, within the last year the compact object HESS J1731-347
was reported with a mass of M = 0.77+0.20

−0.17 M⊙ and a ra-
dius of R = 10.4+0.86

−0.78 km [9], while a new analyses of the
compact object XTE J1814-338 [10, 11] revealed a mass of
M = 1.2+0.05

−0.05 M⊙ and a radius of R = 7+0.4
−0.4 km. In view of

the above, several light compact objects were reported which
can hardly be explained simultaneously and at the same time
reproduce the NS maximum mass constraint. Furthermore,
besides the HESS J1731-347 and XTE J1814-338 objects, also
a new analysis of PSR J1231-1411 [12] (M = 1.04+0.05

−0.03 M⊙
and radius R = 12.6+0.3

−0.3 km) appeared recently, noting that the
authors report problems related to the convergence in the fitting
procedure and the uncertainty might be larger than reported.
Such variety of light compact objects obviously requires variety
also in physics scenarios, characterized by different structure.

Several studies attempt to reproduce the properties of the
XTE J1814-338 using a concept of hybrid star. Specifically,
Pitz and Schaffner-Bielich [13] studied the possibility of the
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XTE J1814-338 being a bosonic star with a nuclear matter core,
while Yang et al. [14] investigated the scenario of a strange
star admixed with mirror dark matter. Recently, Lopes and
Issifu [15] claimed that this object can be explained also as a
dark matter admixed neutron star. Notably, the idea of ultra-
compact stars has been studied by Li et al. [16] before the
results of Ref. [9]. Recent work of Laskos-Patkos and Mous-
takidis [17] achieves the agreement with the XTE J1814-338
by applying an assumption of first order phase transition with
specifically chosen transition density and energy density jump.
Another possibility is the existence of strangeness, which can
be considered as an additional degree of freedom, the amount
of which might be determined by the formation scenario of a
specific object. In general, as in nuclear reactions, production
of strangeness requires higher densities and energies (tem-
peratures). Thus, compact objects with strangeness can be
produced in collapse of more massive stellar objects, where
higher temperatures and densities allow copious production of
strangeness [18, 19].

Therefore, we introduce an EoS suitable to describe both
the bulk properties of NSs and the ones of ultra-light compact
objects, by considering two distinct branches: (a) a nucleonic
branch that allows the description of the current astrophysical
constraints on NSs, and (b) an exotic branch consisting of a
mixture of kaons, that properly fascilitate the characteristics of
ultra-light compact objects [19]. We note that in our previous
work [20], an effort was made to reproduce the properties of the
HESS J1731-347 object using only K− bosonic condensate.
In this study, we extend this argument by incorporating also a
K̄0 condensate along with the K− one.

Nuclear theoretical framework. In the relativistic mean field
(RMF) theory, using the extended Dirac-Hartree approxima-
tion, the energy density and pressure of neutron matter is given
by the following expressions [21]:
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where EN is the energy density, PN is the pressure, gσN , gωN

and gρN are the couplings of the scalar boson, vector boson,

and iso-vector ρ-meson to nucleons, respectively, mσ, mω

and mρ are the rest masses of scalar and vector bosons, and
ρ-meson, respectively, the term ρI involves the difference be-
tween the proton and neutron densities (important for finite
nuclei), κ and λ are the couplings of the cubic and quartic
self-interaction of the scalar boson, MN and M∗

N are the rest
mass and the effective mass of the nucleon, nN is the nucle-
onic density, kF is the Fermi momentum of nucleons at zero
temperature and γ is the degeneracy, with value γ = 4 for
symmetric nuclear matter and γ = 2 for neutron matter (used
in this investigation).

The kaon condensate was introduced according to the first
order kaon condensate (FOKC) model of Glendenning and
Schaffner-Bielich [22, 23]. It specifically considers K− parti-
cles which can play similar role as electrons in the NS matter.
The kaon potential was fixed by the value at saturation density
ρ0 of symmetric nuclear matter [24, 25]:

UK(ρ0) = −gσK
(MN −M∗

N (ρ0))c
2

gσN
−(h̄c)3gωKgωN

ρ0
m2

ωc
4
,

(3)
where gσK and gωK are couplings of σ and ω mesons to K−.
The K− chemical potential at a given baryonic density was
evaluated as:

µK−(ρ, xp) = mK − gσK
(MN −M∗

N (ρN , xp))c
2

gσN

− (h̄c)3gωKgωN
ρN

m2
ωc

4

− (h̄c)3gρKgρN
ρN
m2

ρc
4
(1− 2xp), (4)

where gρK is a coupling of ρ meson to K− and xp is the
proton fraction. The formula for the chemical potential of K̄0

is similar to the one of K−, where the only difference is the
opposite sign of the last term. The effective mass M∗

N (ρ, xp) is
approximated by parabolic dependence on xp between values
for symmetric nuclear matter and pure neutron matter. The
value of µK(ρ, xp) is then used to calculate the conditions for
the chemical equilibrium of the system:

µn − µp = µe = µK ,

ρp = ρe + ρK , (5)

which also provides the electron and kaon densities. When
the kaons chemical potential drops to zero, K̄0 particles also
produced in dense nuclear matter. Finally, the energy density
for kaons can be expressed as:

ϵK = µKρK . (6)

Similar to Refs. [22, 23], both kaon condensates are not
considered to contribute to pressure.

Results and discussion. In the present work we extend the
previous investigation of Ref. [20] by introducing a K̄0 con-
densate at higher densities than the emerge of K−, in order
to soften the EoS and simultaneously describe the properties
of the XTE J1814-388 and HESS J1731-347 light compact
objects. This might mean that the Mass-Radius (M-R) diagram
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FIG. 1. Equation of state for no kaons (black solid line) and for the
kaonic potential UK0= - 162 MeV using K− (blue dashed line) and
both the K− and K̄0 condensates (red dotted line).

of the compact objects can have a ”kaonic” branch, deviating
from the M-R dependence of standard nucleonic NS. In par-
ticular, we use the RMF model [21] and a set of parameters
suitable to describe the nucleonic matter, which reproduces
existing constraints on maximum mass of NS and its radius
at canonical mass 1.4M⊙. As in our previous work [20], the
K− condensate implemented according to Glendenning and
Schafner-Bielich [22, 23], and furhter extended by the intro-
duction of K̄0 condensate. Specifically, the K̄0 condensate can
emerge when its chemical potential (ωK̄0 = ωK− + 2 gρKR03)
reaches zero [22, 23]. It worth mentioning that since the con-
sidered kaons form an isospin doublet, the model leads to an
equal number of densities for both condensates. By employing
the above parametrization, we calculated the bulk properties of
compact stars for various values of the kaonic potential. The
conditions for β-equilibrium were assumed in standard way as
in Eq. (5).

Figure 1 displays the dependence of the pressure on the
energy density, where the onset of K− softens the EoS. Addi-
tionally, the onset of K̄0 condensate further softens the EoS at
energy densities above 600 MeV/fm3, corresponding to bary-
onic densities above 0.6 fm−3, where both kaonic condensates
already make a significant part of total mass density.

This behavior is also depicted in Fig. 2, where the particle
fractions are illustrated as functions of the baryonic density.
With the appearence of the K− onset on the β-equilibrium, the
net K− field reduces the population of electrons and subse-
quently replacing them. Furthermore, when the conditions are
favorable for the formation of K̄0, additional strangeness is in-
troduced in dense matter without altering the charge neutrality
as the fraction of K̄0 tracks the fraction of K− due to isospin
symmetry.

Subsequently, Fig. 3 denotes the gravitational mass as a
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FIG. 3. Mass-Radius (M-R) diagram for several kaon potentials and
without kaons. For the kaonic potential UK0= - 162 MeV (both
K− and K̄0 condensation) the dependence crosses directly across
the central regions for the reported HESS J1731-347 (red star)[9]
and the XTE J1814-338 (green star)[10] compact objects. The case
considering only K− condensation is also depicted.

function of radius (M-R diagram), for various values of kaon’s
potential. The nucleonic branch reproduces both the astrophys-
ical constraints for the maximum mass and the properties of
the recently reported PSR J0437-4715 pulsar [26]. It should be
noted that the nucleonic branch shown in Fig. 3 does not appear
to describe the radius of the light compact object PSR J1231-
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1411 [12] within the reported uncertainty (R = 12.3 − 12.9
km and M = 1.04M⊙). However, due to convergence is-
sues in the analysis and discrepancies when compared to other
reported objects, this uncertainty may be underestimated.

In any case, a moderately redefined hadronic component
on the EoS would achieve the reported properties while pre-
serving the overall physical picture. When the onset of kaons
emerges, the EoS is suitably soften, and as a result, reproduces
the reported bulk properties of the light compact object XTE
J1814-338. It is also noteworthy, that for UK0 = -162 MeV, the
EoS is able to reproduce both the XTE J1814-338 and HESS
J1731-347 light compact objects, under the same theoretical
framework. For completeness, the K− branch is also pre-
sented. Remarkably, the value UK0 = -162 MeV is compatible
with the value UK0 = -180 ± 20 MeV, obtained in the study
of kaonic atoms [27]. The presence of kaonic condensates in
light compact objects can be considered as a relatively simple
possibility to explain properties of such objects, without intro-
ducing more exotic scenarios such as hybrid stars, first-order
phase transition in nuclear matter, or stars with admixture of
dark matter. The recent observation of the PSR J1231-1411
along with the XTE J1814-338 object, where their masses are
comparable but the difference in radius is large (∼ 3.5 km),
enhances the argument that a hadronic EoS, which consists of
a single nucleonic branch, is impossible to address these two
objects. To this end, the role of the kaonic condensations can
be important.

The outcome conclusion of this paper is that a hadronic EoS,
cannot account for two compact objects with similar masses
but significantly different radii. To explain both objects si-
multaneously, it is essential to consider two distinct branches,
each corresponding to a different composition of nuclear mat-
ter. The scenario concerning the possible existence of two
branches in NSs is not new. First discussed in a work done
by P. Haensel, M. Bejger and J. L. Zdunik [19], where their
goal was to investigate the Bethe & Brown model prediction
of Mmax

NS = 1.5M⊙ [28, 29], with the 2.1M⊙ NS reported
by Nice et al. [30] by introducing the two brances of NSs in
order to reconcile a 2M⊙ pulsar and the SN 1987A. Within
the same spirit later on, an extensive report concerning kaon
condensation and its astrophysical implications was written by
Gerald E. Brown, Chang-Hwan Lee and Mannque Rho [18].

In this context, we propose a possible explanation involving
the onset of kaon condensation at high densities, which intro-
duces a corresponding modification in the EoS. This adjust-
ment could account for the existence of objects with relatively
small masses while simultaneously exhibiting small radii.
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