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We address the possibility of the appearance of a charged kaon condensate in neutron star cores
described within a generalized Skyrme model. Our treatment of strange degrees of freedom is based on the
bound state approach by Callan and Klebanov, which allows to obtain an in-medium effective potential for
the s-wave kaon condensate. We predict the onset of kaon condensation at a certain threshold density—
whose value depends on the parameters of the model, and ranges between 1.5 and 2.5 times saturation
density—and obtain both the particle fractions and equation of state for dense matter in the kaon condensed
phase. Finally, we discuss the effect of such condensates on the mass-radius curves and other observable
properties of neutron stars with kaon condensed cores.
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I. INTRODUCTION

While heavy ion collision experiments and lattice QCD
simulations provide insight into the properties of hot and
dense QCD, neutron stars (NSs) are the only known objects
in the Universe that may allow us to deepen our under-
standing of the rich structure of cold, ultradense strongly
interacting nuclear matter. The astrophysical inference of
NS masses, radii and moments of inertia in low mass x-ray
binaries and isolated NSs from the NICER experiment as
well as in binary NS inspirals and subsequent mergers from
gravitational-wave (GW) observatories have helped to
significantly constrain the NS equation of state (EOS) at
suprasaturation densities, which cannot be reached in
laboratory experiments.

These constraints, however, do not yield any information
on the microscopic structure of dense matter. Indeed, owing
to the nonperturbative nature of QCD at energies below the
confinement scale, the precise phase structure of cold,
strongly interacting matter at both finite baryon and isospin
chemical potential is still very speculative. Novel phases of
dense baryonic matter are expected to occur in the inner
core of NSs, containing additional particle species such as
A isobar resonances [1-5], hyperons [1], or pion or kaon
condensates [6—10]. There have been theoretical proposals
of even more exotic scenarios, where a transition to
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deconfined quark matter takes place inside the core
[11-13], or a new state of matter in which both hadronic
and quark degrees of freedom coexist, the so-called
quarkionic matter [14,15]. Studies of the dynamical
features of compact stars, such as the occurrence of phase
transitions during mergers or the cooling rate of proto-
neutron stars may produce complementary data, as they
may strongly depend on the specific microscopic degrees of
freedom as well as on the EOS.

Many calculations for the EOS in dense matter predict
that strangeness degrees of freedom may become important
in the interior of compact stars, in the form of hyperons
(strange baryons) or a Bose-Einstein condensate of neg-
atively charged kaons, for densities just a few times nuclear
saturation. For a recent review, see [16]. Indeed, hyperons
may become stable at sufficiently high isospin chemical
potential, where the decay of neutrons relieves the Fermi
pressure exerted by the nucleons. On the other hand, the
strong attraction between K~ mesons and baryons increases
with density and lowers the energy of the zero momentum
state. A condensate is formed when this energy equals the
kaon chemical potential, since kaons are favored over
negatively charged fermions for achieving charge neutral-
ity, as they are bosons and can condense in the lowest
energy state.

It is generally assumed that hyperons should appear at
densities above ~2-3 times the nuclear saturation density
ng, whereas the critical density for kaon condensation is
usually predicted to be a bit larger, around ~(3-4)n,
(although the specific values are of course model and
parameter dependent). A density of this order is smaller
than the central density of a typical NS, so a kaon
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condensate could be present in its core. The possibility of
kaon condensates in the core of neutron stars has been
extensively investigated in the literature, using different
approaches. Its appearance tends to soften the EOS,
producing smaller values for the allowed maximum masses.
Therefore, the presence of hyperons at too low densities is
not compatible with the stiffness required by the existence
of such massive stars. This is the so-called hyperon puzzle,
presently a subject of very active research [17,18].

In this work we will make use of a generalized Skyrme
model, a phenomenological, nonlinear chiral model that,
due to its nonperturbative nature, can in principle be used as
a simple model to study strongly interacting matter at all
scales, from single baryons and nuclei to nuclear matter in
neutron stars. The model contains a rather limited number
of fundamental degrees of freedom, which in the simplest
version are just pions, encoded into an SU(2) valued field
U, as chiral symmetry is nonlinearly realized. Nucleons and
atomic nuclei emerge as collective, topologically nontrivial
excitations of the mesonic fields. Mathematically they are
described by topological solitons, called skyrmions, whose
topological degree can be identified with the baryon
number. The most attractive feature of the model is the
small number of free parameters, which implies a rather
strong predictive power.

The Skyrme model [19] and its generalizations have
been applied successfully to the description of nucleon
properties [20,21], nuclear interaction potentials [22],
ground and excited states of atomic nuclei [23,24], or
the problem of nuclear binding energies [25-27]. Typically,
the best fit to phenomenological observations requires the
extension of the original Skyrme Lagrangian [19], either by
the addition of new degrees of freedom, e.g., vector mesons
[28], or additional, physically motivated higher derivative
terms, like the so-called sextic term [29], an effective term
related to two-body interactions mediated by @ mesons.

Simultaneously, in past years there has been significant
progress in the application of the Skyrme model to
investigate properties of dense nuclear matter and neutron
stars [30-33], where the sextic term is especially important,
as this part of the action provides the leading contribution in
the regime of high pressure and density [34]. Indeed, it
makes the skyrmionic matter much stiffer at extreme
conditions which results in physically acceptable values
of the maximal mass of neutron stars. A related observation
is that, without the sextic term, the speed of sound is always
below the conformal bound, ¢ < (1/3), and EOSs with
such restricted speeds of sound are strongly disfavored [35].
The inclusion of the sextic term, on the other hand, only
implies the causal bound ¢? < 1, because the sextic term
alone leads to the maximally stiff EOS with ¢Z = 1 [36].

The extension of the Skyrme model for a larger number
of flavors has also been discussed in the literature. In
particular, for Ny =3, it has been used to describe
pentaquarks and strange hyperons, both in the flavor

symmetric limit, in which the full SU(3)  group is quantized,
and in the flavor symmetry breaking limit, the so-called
bound state approach [37,38], in which oscillations into the
strange sector are treated as perturbations of the SU(2)
valued classical soliton. Since kaon degrees of freedom are
best described in the latter approach, in this paper we will take
this path and extend its application to the crystalline phases of
skyrmion matter, in order to be able to describe the
phenomenon of kaon condensation in dense matter as
predicted by the Skyrme model.

The paper is organized as follows: in Sec. II, we
introduce the model and review the classical and quantum
properties of crystal solutions. In Sec. III we review the
bound state approach to kaons in the Skyrme model, and
compute the contribution to the total energy from the kaon
condensate. In Sec. IV, we obtain the system of equations
from minimizing the free energy of npeuK matter, and
solve it to find the onset of kaon condensation for different
sets of parameters, and finally in Sec. V we calculate the
equation of state of skyrmion matter including a kaon
condensate, and compute the corresponding mass-radius
curves for NSs.

II. GENERALIZED SKYRME MODEL AND
SKYRMION CRYSTALS

The generalized Skyrme model we will consider is given
by the following Lagrangian density:

L=Lo+ Lo+ Lo+ Lo

= —f—’errL L# —I—LTr[L L,)?
16 32¢? g
mzf%
—2aBB + M E ey - ), (1)

where L, =U T()#U is the left invariant Maurer-Cartan
current and the Skyrme field can be written as

U=o0+in,,. (2)

Here, 7, (a =1, 2, 3) are the pions and 7, are the Pauli
matrices. The unitarity of the matrix field implies
o* + n 7, = 1. Furthermore, B* is the conserved topo-
logical current which, in the standard manner, defines the
topological index of maps U, i.e., the baryon charge B:

1
B= / d*xB°, B = a7 e PTe{L,L,Ls}. (3)

The generalized Skyrme effective model contains only four
terms and, therefore, four coupling constants, f,, m,, e, 4,
two of which have a direct phenomenological interpretation
as the pion decay constant and the pion mass. In addition, A
can be related to a ratio between the mass and the coupling
constant of the @ meson. From the very beginning,
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we assume the physical mass of the pions, m, = 140 MeV.
The remaining constants are fitted to some properties of
infinite nuclear matter.

Before continuing with our investigation, we want to
comment briefly on its scope and limitations. The general-
ized Skyrme model we consider differs from the standard one
only by the presence of the third term in the action, the so-
called sextic term L¢. As already mentioned, the inclusion of
this term is obligatory when one studies the properties of
nuclear matter at high densities, which is a natural environ-
ment in the core of neutron stars. On the other hand, a
quantitatively fully realistic description of nuclei and nuclear
matter leading, e.g., to the realistic (small) binding energies,
or to the observed cluster structure of small nuclei, requires
the inclusion of further terms, like potential terms beyond the
pion mass term £ [25-27], or the addition of further degrees
of freedom, like vector mesons [28]. These more extended
versions of the Skyrme model still allow to introduce and
study Skyrme crystals, although the calculations become
more cumbersome. In addition, the fit of the model to
physical observables in the resulting high-dimensional
parameter space would require advanced numerical methods
beyond the ones employed in the present paper.

We shall, therefore, continue to use the simpler model (1)
and pursue the more modest goal of fitting only the
observables most relevant for our purposes. These are
the nuclear saturation density and the energy per baryon at
saturation, on the one hand, because they set the length and
energy scales for nuclear matter. The third observable is the
nuclear symmetry energy, because this quantity determines
the proton fraction and, therefore, the electric charge
content of nuclear matter, which is essential for the
formation of a kaon condensate. Despite the limitations
of this approach—Ilike, e.g., the too large binding energy of
the resulting skyrmion matter [39]—we shall find that for
reasonable values for these observables we find a reason-
able description of kaon condensation and its impact on
nuclear matter and NS properties. We also emphasize that
the methods and analytical tools we use are generic and can
be applied equally well to more extended versions of the
Skyrme model.

The canonical description of NSs is provided by the
relativistic Tolman-Oppenheimer-Volkoff (TOV) approach
where a particular model of infinite nuclear matter gives a
source term of the Einstein equations. Effectively, it enters
via an EOS, that is, a relation between e.g., pressure and
density. In the Skyrme model, infinite skyrmionic matter is
described by a periodic minimizer of the static energy
(E=- f d*xL) and, therefore, it is usually referred to as
the Skyrme crystal. Obviously, while the total energy of the
crystal is infinite, the energy per baryon number remains
finite:

E - NcellsEcell o Ecell

o= el el 4)
B N, cellsB cell B cell

Here, N is the number of cells and E;, B are the
energy and baryon charge in a single, periodic cell. As
mentioned before, skyrmion crystals minimize the static
energy functional,

E = /d3x(52+€4+56+50)
1

1 1
= 24”2 d3x |:—§TI{L,L,} _ZTr{[Ll’Lj}z}

+dntes(BY) + %Tr([ - U)} (5)

over a finite region of space with periodic boundary
conditions. Here U is the SU(2) valued Skyrme field
and L, = UTaﬂU. Further, £ and &, are the standard
terms of the Skyrme model quadratic and quartic in
derivatives, and &g is the sextic term mentioned above.
Finally, & is the pion mass potential. We have defined the

h3 R f%eZ
the so-called Skyrme model units, so that our energy and
length units are

dimensionless constants ¢ = 2% cop=2 and use

E, = B”Zfﬂ/e7 ls = h/(ffre>7 (6)
respectively. Both the size of the unit cell (characterized by
the unit cell length parameter L) and its geometry will
affect E .. It turns out that, for our purposes, the ground
state of skyrmion crystals is well described by a cubic unit
cell with side length 2L composed of skyrmions in a face-
centered cubic arrangement, but with an additional sym-
metry. Concretely, it respects the following symmetries:

Si:(x,y,2) = (=x,9,2),

(67ﬂ17ﬂ27”3) - (0-’ _ﬂ17ﬂ27ﬂ:3)7 (7)

Syi(x,y.2) = (y.2,x),

(0.7, 75, 713) = (0,70, 73, 71), (8)

S3:(x,y,2) = (x,2,-Y),

(0,7, my, 3) = (0, —7), 73, —73), )

S4i(x,y,2) > (x+L,y,2),

(07”17ﬂ27ﬂ3) - (_0-7 _”15”27”3)‘ (10)

A detailed description of the construction of the Skyrme
crystal and the comparison of different symmetries can be
found in [32]. As in that previous work, the unit cell that we
will consider has size 2L and a baryon content of B = 4.
Because of the additional symmetry for this crystal, the unit
cell of size 2L decomposes into eight cubes of side length
L, each forming a simple cubic arrangement of half-
skyrmions, where half-skyrmions are located in the corners
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of the cube and lead to a baryon content of 1/2. The fields,
however, are periodic only in 2L, hence the unit cell has side
length 2. We obtain the value of the energy for each value of
L and, as explained in [32], the energy-size curve, E..; (L), is
a convex function which has a minimum at a certain L,. We
identify this point with the nuclear saturation point of infinite,
symmetric nuclear matter, which also presents a minimum in
the energy per baryon number curve as a function of the
baryon density ny = (4/(2L)%) = (1/2)L73.

Up to now, we have considered the classical skyrmion
crystal, which corresponds to symmetric nuclear matter.
However, for a realistic description of nuclear matter inside
a NS we need to consider an almost completely isospin-
asymmetric state, where only a small amount of protons is
allowed. We have already considered this scenario in [33]
via a semiclassical quantization of the isospin degrees of
freedom of the skyrmion crystal. Indeed, it is standard in
nuclear physics to define the binding energy of a nuclear
system in the following way:

L (n5.5)

B = Ey(ng) + Sy(np)8* + O(8%),  (11)

where 0 is the isospin asymmetry parameter, defined in
terms of the proton fraction y of the system, § = (1 —2y).
Ey(ng) denotes the binding energy of isospin-symmetric
matter, and Sy(np) represents the so-called symmetry
energy, which is responsible for the change in the binding
energy when the neutron-to-proton ratio changes for a fixed
value of the baryon number. The knowledge of the
symmetry energy at high densities is fundamental for a
correct description of NS interiors. However, although the
values of the symmetry energy at saturation are well known
(Sp ~ 30 MeV) [40], the difficulty in experimentally meas-
uring its behavior at high densities forces us to express it as
an expansion in powers of the baryon density around ny,

2
n ny —n
Sy(ng) = So +B370Lsym+(187°)1<sym+ e
(12)
where
aSy 62SN
Lsym 3nO 07’13 poe no’ sym 9”0 on % — (13)

denote the slope and curvature of the symmetry energy at
saturation, respectively. The values of these coefficients are
still very uncertain, but recent analysis of combined
astrophysical and nuclear observations made possible to
constrain the symmetry energy above ng [41-45].

Let us now review the procedure for calculating the
symmetry energy of an SU(2) skyrmion crystal, as it will
be generalized to the three flavor case in the next section.
First, let us rewrite the Skyrme Lagrangian (1) as

L =aTr{L, L'} +bTr{[L,,L,)*} + cB,B* + dTr(U - I).

(14)
In our dimensionless units, we have
1 1 m2
a=-=, b=-, c==8P7"f* d=—375,
2 2e?
(15)

and consider a (time-dependent) isospin transformation of a
static Skyrme field configuration:

UX) = U(E.1) = g(UX)g" (). (16)

The time-dependent isospin matrices g(¢) are collective
coordinates, whose dynamics is given by a kinetic term in
the energy functional,

1

T= S @i iNij@;, (17)

where A;; is the isospin inertia tensor, given by

Ay = / (2aTe{T,T;) — 4bTe{[T,. L[T ). Li])

~ i € THT Ly LeYeur TH{T L, L Y}

= Adyj, (18)

where T, is the 81(2)-valued current T, = £ U'[r,, U] and
@ the associated isospin angular velocity, defined by
g g=1tw,,

As shown in [33], we may canonically quantize the
isospin collective degrees of freedom and obtain a
Hamiltonian, which for a cubic crystal with a number N
of unit cells is given by

hz ItOt (ItOt l ) ( 19)
ZN Acell
in terms of the isospin moment of inertia A = NA;, and
the total isospin angular momentum eigenvalue I'', given
by the product of the total number of unit cells times the
total isospin of each unit cell, which can be obtained by
composing the isospins of each of the cells. In the charge
neutral case, all cells will have the highest possible value of
isospin angular momentum, so that on each unit cell with
baryon number B, the total isospin will be 1 B, and hence
for the full crystal will be I'* = I NB.
Thus, the quantum correction to the energy (per unit cell)
due to the isospin degrees of freedom in the neutral (i.e.
purely neutronic) limit would be (assuming N — o0)
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. o,
E*° = B-, 20
8Acell ( )

where the value of 7 is related to the value of e through

62

h=—.
372

(21)
The classical skyrmion crystal configurations can therefore
be understood as models for isospin-symmetric nuclear
matter, i.e. nuclear matter with zero total isospin.
Deviations from the exact isospin symmetric case yield
quantum isospin corrections to the crystal energy per baryon,
which depend on the difference between protons and
neutrons through the total isospin number per unit cell.
Hence, by considering the effect of isorotations over classical
solutions we are effectively breaking the isospin symmetry of
the static energy functional by adding a correction of
quantum origin that explicitly breaks it. Moreover, knowing
the energy correction due to isospin, it is straightforward to
obtain the associated isospin chemical potential for the
skyrmion crystal using its thermodynamical definition:
Hy = — f—,\’fl, where N is the (third component of) the isospin

number per unit cell. Given that (I')? = I3 4 I35 + I3 and
N; = I3/N, we may rewrite Eq. (20) as

o— 1 (ny ; + i (22)
T2 U TN N2
and then
OE™ N,
=— =— . 23
M= 70N, T~ " A 23)

Let us now consider a finite chunk of the Skyrme crystal
of N unit cells, and let A = N x B, where B is the
baryon number of a unit cell. We do not enforce charge
neutrality at this step, and further leave unknown the
quantum state of the crystal. As in [33], we take a mean
field approximation and consider that the isospin density in
an arbitrary skyrmion crystal quantum state is approxi-
mately uniform so that

_ ) () N
<Ig> B fd33x - NV30611 B Vcell 7 (24)

where NV, is the isospin charge per unit cell in this arbitrary
quantum state. The effective proton fraction that would
yield such an isospin charge per unit cell is y, so we write

Bcell
. 2
<5 (29)

1
Ny = _5(1 _zy)Bcell = -

Hence, the isospin energy per unit cell of the skyrmion
crystal in such a state can be written in terms of the
asymmetry parameter

2
Eiso — h_BZ

8A 061152’ (26)

and thus the symmetry energy for Skyrme crystals is
given by

L3
= - HNnpg. (27)

Sy(ng) SA

As argued in [46], any quantum state different from purely
neutron matter leads to a divergent Coulomb energy term
for the skyrmion crystal. Therefore, in order to allow for a
nonzero positive electric charge within the unit cell we
consider the existence of a neutralizing background of
negatively charged leptons, namely, electrons and muons.
In this scenario, the effects of the positive charge become
almost completely screened, and the residual Coulomb
energy is negligible, so we do not take it into account.
Apart from electromagnetic forces, nuclear matter inter-
acts with leptons via the weak force. Indeed, the exchange
between leptons and nucleons inside NSs is completely
described by the f-decay and electron capture processes,
n—p+Il+o, p+l->n+uy, (28)
which take place simultaneously, as long as the charge
neutrality and f-equilibrium conditions are satisfied,

Z
np:V:ne—an (29)

P =pp+ = pp=p,  l=ep  (30)
Leptons inside a NS can be described as a noninteracting
relativistic Fermi gas. Then the chemical potential for a
given kind of lepton is

=/ (hkp)* + m7, (31)

where k; = (37°n,;)'/3 is the corresponding Fermi momen-
tum, and m; is the mass of the corresponding lepton.
Considering the most general case, in which we include
muons, we combine this last expression with the above
equilibrium conditions and obtain the following system of
equations:

-l -] o

1
lecell (1 _ 2}/) _ |:37'[2 (J/Bcell _ nﬂ>:|3‘ (33)

2A 8L3

In order to solve the system for y, we take the ultra-
relativistic approximation y, = hky , for electrons. Besides
we start solving the system at low densities considering
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only electrons, hence we drop the first equation and set
n, =0 until the condition u, =m, is reached. Then,
muons start to appear and we solve both equations. For
each length of the unit cell we obtain the value of the proton
fraction, hence we reconstruct the curve y(L).

The total energy per unit cell in a f-equilibrated sky-
rmion crystal is therefore given by

E = Eclass + Eiso(y) + Ee (7/) + E/d (Y)? (34)

where E, correspond to the classical energy of the
Skyrme crystal, Ejy, is calculated from Eq. (26) and the
energies of the leptons are the usual energy of a relativistic
Fermi gas with mass m; at zero temperature,

k k>dk
Elep_/f 3 \/kz"'mz2
0 T
o
:—12[x,(l+2x%)\/l+x%—lnx,+\/1+x%],
81

(35)

where x, = kp/m;. Recall that for electrons we take the
approximation x;! — 0, which is justified for den-
sities n > ny.

III. KAON CONDENSATE IN SKYRMION
CRYSTALS

Having obtained the proton fraction (hence the electron
chemical potential) in npeu matter as a function of density,
we can now turn to the question of whether kaon fields may
condense inside a Skyrme crystal for a sufficiently high
density, and, if so, whether this critical density value is
relevant for the description of matter inside compact stars.

A. Kaon fluctuations in the Skyrme model

Following the bound-state approach first proposed in
[37] we may include strange degrees of freedom in the
Skyrme model by extending the skyrmion field to a SU(3)-
valued field U through modeling kaon fluctuations on top
of a SU(2) skyrmion-like background u. With the only
requirement that unitarity must be preserved, different
Ansditze have been proposed in the literature for the total
SU(3) field describing both pions and kaons. In this work,
we choose the Ansatz proposed by Blom et al. in [47]:

U:\/ UKU” UK' (36)

In this Ansatz U, represents the SU(3) embedding of the
purely pionic part u, and the field Uy are the fluctuations in
the strange directions. It can be shown that this Ansatz is
equivalent to the one first proposed by Callan and
Klebanov in [37] when computing static properties of

hyperons, although both may differ in other predictions
of the model [48].

In the simplest SU(3) embedding, the SU(2) field u is
extended to U, by filling the rest of the entries with ones in
the diagonal and zeros outside. On the other hand, the kaon
Ansatz is modeled by a 8u(3)-valued matrix D which is
nontrivial in the off-diagonal elements:

U, = ,
0 1

0 K
u=o+in,t, =in,t,, D, D= . (37)
K" 0

212,
=D
I)K = elfzr s

where a =1,2,3, a=0,1,2,3, 0, = (-il,7), and K
consists of a scalar doublet of complex fields representing
charged and neutral kaons:

K= (g) K" = (K, K°). (38)

The extension of the generalized Skyrme Lagrangian from
(1) to include strange degrees of freedom consists in the
replacement of the pion mass term L, by [48]
E“ew—f’% 241 2m)Te{U + U -2
e =2 (2 + 208 TH{U + U - 2)

+ L2 2 — i) Telis(U + U (39)

where Ag is the eighth Gell-Mann matrix and myg is the
vacuum kaon mass, and the addition of the Wess-Zumino-
Witten (WZW) term, which can be expressed in terms of a
five-dimensional action integral:

Swz = —i

NC vy
a0 / dx e P Te{L,L,L,LyL,}. (40)

B. The kaon condensate on classical crystals

The onset of kaon condensation in the Skyrme model
takes place at a critical density n.,,q at which u, becomes
greater than the energy of the kaon zero-momentum mode
(s-wave condensate). Thus, for baryon densities 7 > 1.4,
the macroscopic contribution of the kaon condensate to the
energy must be taken into account when obtaining the EOS
of dense matter. To do so, we follow the standard procedure
to describe Bose-Einstein condensation of a (complex)
scalar field (see e.g. [49]) in which the field condensates
correspond to the nonzero vacuum expectation values
(VEV), (K*), which are assumed to be constant in space
and whose time dependence is given by

(KT) = peTine, (41)

The real constant ¢ corresponds to the zero-momentum
component of the fields, which acquires a nonvanishing,
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macroscopic value after the condensation. Its exact value is
determined from the minimization of the corresponding
effective potential, to whose calculation we will dedicate
the rest of this section. On the other hand, the phase py is
nothing but the corresponding kaon chemical potential.
First, we will need an explicit form of the SU(3) Skyrme
field in the kaon condensed phase. Assuming the charged
kaons will be the first mesons to condense [50], we can
safely drop the neutral kaon contribution, and define the
following matrix:

0 0 ekt
D= 0 0 0 (42)
et 00

which results from substituting the kaon fields in D as
defined in (37) by their corresponding VEV in the kaon
condensed phase. Also, taking advantage of the property
D? = ¢*D, we may write the SU(3) element generated by
D explicitly in matrix form:

cos ¢ 0 iex'sing
2D
T = el = 0 1 0 . (43)
ie"#x'sing 0 cos ¢

where ¢ = V2 ¢ is the dimensionless condensate amplitude.

Furthermore, assuming the backreaction from the kaon
condensate to the skyrmion crystal is negligible, and thus
the classically obtained crystal configuration will be the
physically correct background even in the kaon condensed
phase, we may write the SU(3) field in this phase as
U =ZXU,XZ, where U, is the SU(3) embedding of the
SU(2) skyrmion background as in (37). Introducing this U
in the total action yields the standard Skyrme action for the
SU(2) field plus an effective potential term for the kaon
condensate:

Sse(U) + Swzw(U) = Ssi(U,) — / diVg($).  (44)

where

1
Vi=—

2 4 6 0 WzZw
= a7 | & {V}) +vO v+ V;)] + v,

(45)
!

iN¢

Swzw(U) = Swzw(Ux) —T/WBoTr{ (1102

Let us now calculate the contribution to the effective
potential Vi of each term in the action:

(1) Quadratic term.—Given that the crystal background
is static and the kaon condensate does not depend on
spatial coordinates, the kaon part of the quadratic
term may be written as

Tr{L3} = —[Tr{0,Z70,Z} + Tr{Z0,ZU}20,=' U, }].
(46)

Introducing the explicit expression for X (43) yields

V@ = 2 sin? §[(1 + o + 72) sin®
—2(1 + o cos? ¢)]. (47)
(i1) Quartic term.—In the quartic term, the kaon effec-

tive potential comes from the terms with time
derivatives of the total field,

Tr{[Ly, L;]*} = 2[Tr{0,U"0;,U0,U"0;U}
- Tr{o,U0,U0,U"9,U}], (48)

which, after substitution of the expression for Z,
gives

VE;D = —2uksin’p{(1 + 6)d;n*cos’p
+ 2[0;6*(1 — #3) + 0;73(1 — 6?)
+ 26730,60;75]sin%¢}. (49)

(iii) Mass term.—The kaon part associated to the mass
term gives the following contribution:

2
my

2,2
fze

V(@) =2—E (1 +0)sind.  (50)

@iv) Wess-Zumino-Witten term.—The WZW term is
written as a five-form integrated over an auxiliary
five-dimensional disk D whose boundary is the
spacetime manifold M, but in Appendix A we show
that the variation after the kaon fluctuations of the
pion background yields a local term which may be
written as an effective four-dimensional Lagrangian.
Indeed, we show that

0
o) (Zo,xF + UZZ"'a,ZUE)}

= —Nc/ﬂBcell sin®(¢)dr = /V%WZW)@)‘ZL (51)
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(v) Sextic term.—The contribution from the sextic term
is also obtained in Appendix A to be

/12]('264
I

v = -k, RlEY (52)

where &, = U,29,%" U — %79,%. Once the traces
are evaluated, we end up with

Vi) = =B fiet i sin*(§) (9ym30;0 — 003 )
(53)

C. Effect of kaon condensation on the quantum
corrections to Skyrme crystals

In the above calculations, we have taken separately the
contributions of a kaon condensate and an isospin angular
momentum of the skyrmion crystal, and the kaon con-
densate interacts with the skyrmion isospin only indirectly
via the charge neutrality and p-equilibrium conditions,
which relate their corresponding chemical potentials.
However, since kaons possess an isospin quantum number,
we should consider a (time-dependent) isospin transforma-
tion of the full Skyrme field + kaon condensate configu-
ration U = ZU X:

U — U =A(t)UA (1), (54)

where A is an element of SU(3) modeling an isospin

rotation,
a O
A= < ), aeSU(2).
0 1

The Maurer-Cartan form transforms as (A = dA/dt)

(55)

AUTQUAT, (u=i=1,2,3),
AU UAT + A(UT[ATA, UDAT, (u=0).
(56)

W@ﬁ:{

M= [ {20 (r 1) - ({1 L7 ) -

A, = / {2aTr{LOTa} —4bTr{[T,, Li][Lo, L]} —

where a, b, and c are those in Eq. (15).

The symmetries of the crystalline configuration that we
consider in this work, concretely the §; and S, trans-
formations, imply that the isospin inertia tensor becomes

We now define the isospin angular velocity @ as ATA =
fw,d, (a=1, 2, 3), with 4, the Gell-Mann matrices
generating SU(3) for A = 1, ...8. Notice that @ is a three-
vector, since ATA belongs to the isospin 81t(2) subalgebra of
81 (3) Then, we may write the time component of the
Maurer-Cartan current as U'dyU = ALyA" + AT ATw,,
where T, is the 81(3)-valued current:

T, — %UT A, U] = iT?,, (57)

where we have made use of the parametrization (37). The
time dependence of the new Skyrme field induces the

existence of a kinetic term in the energy functional, given
by [51]

T = / {a(Tr{LoLo} + 2Tr{LoT, }w,
+ Tr{TaTb}wawb)
= 2b(Tr{[(Lo + T,,), Li][(Lo + Tpwy), Ly})

- cBB;}dx, (58)

with B the spatial components of the topological current (3):

) 3
B = 24”2 El'lkTr{ (L() + Tawu)Lij}' (59)

We may rewrite the kinetic isorotational energy in the
standard way as a quadratic form acting on the components
of the isospin angular velocity,

1
T=-

zwaAabwb =+ Aawa - VKv

(60)

where A, is the isospin inertia tensor and A, is the kaon
condensate isospin current, given by

€ Te{T, L, L, } e, Tr{T;L,Ly} }d3x, (61)

327

(62)

> 4e”"”Tr{LOLan}slmTr{TaL,Ls}}d3x,
T

proportional to the identity, i.e. AY** = Ag,,,. However, the
presence of a kaon condensate breaks this symmetry to a
U(1) subgroup, so that A, presents two different eigenval-
ues in the condensate phase, A, = diag(A, A, Az).
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Similarly, A, = 0 in the purely baryonic phase, and its third
component acquires a nonzero value in the condensate phase,
Acona = (0,0, A). The explicit expressions for A3 and A in
the condensed phase are written in Appendix B. One can
easily check that in the noncondensed phase, ¢ = 0 and the
results of the previous section are recovered, namely,
A=A A=0.

The quantization procedure now goes along the same
lines as in the first section. However, the isospin breaking
due to the kaon condensate implies that the canonical
momentum associated to the third component of the isospin
angular velocity will now be different, and given
by [3 = A3C()3 + A.

Thus, after a Legendre transformation to rewrite (60) in
Hamiltonian form, and making the N — oo approximation,
one can write the quantum energy correction per unit cell of
the crystal in the kaon condensed phase as

E (12 - A?). (63)

quant — 2/\3

The first term on the rhs is just the isospin correction, while
now there is an additional second term due to the isospin of
the kaons. Indeed, since the kaon field enters also in the
expression of the isospin moment of inertia A3, both terms
will depend nontrivially on the kaon VEV field.

IV. RESULTS
When the kaon field develops a nonzero VEYV, apart from

the neutron decay and lepton capture processes of Eq. (28),
additional processes involving kaons may occur:

n< p+K-, l< K +vy (64)

such that the chemical equilibrium conditions

Po =Hp+ K. W= Hg (65)
are satisfied. The last expressions are the extension of
Eq. (30) to the condensate phase.

The total energy within the unit cell may be obtained as
the sum of the baryon, lepton and kaon contributions:

E = Ego + Eiso(y’ a’) + EK(ﬂKﬂ &5)
+ E,(n,) + O(uz — mp)E,(n,,). (66)

We remark that the above expression does not exactly
correspond to the (relativistic version of the) internal
thermodynamical energy for nonzero kaon condensate.
The reason is that the kaon chemical potential iy appears
as an independent variable in E, whereas the remaining
chemical potentials y; are functions of the corresponding
particle densities, as must be the case for an internal energy.
Concretely, the kaon contribution is the effective potential
energy

- A?
Eg(pg. ) = Vi - 2—[\3, (67)
which depends on the condensate ¢ and on the kaon
chemical potential through the explicit dependence on pg
of both V¢ and A. Now we want to determine the values of
the proton fraction, kaon condensate and electron chemical
potential that minimize the total energy for a given baryon
density np (or equivalently, fixed L) under the condition of
charge neutrality and beta equilibrium. For this purpose, we
consider the grand potential

Q=E—pu,(N, +0@-m2)N,-yB), (68)

where the equilibrium conditions (65) imply u; = ux =
My = M. where already imposed. Further, the Legendre
transformation leading to € is performed only with respect
to the electrically charged particle numbers N,, N,, and
N, = yB, but not with respect to the baryon number B. It is
also not performed with respect to N, because E already
depends on pg. The grand potential must now be mini-
mized with respect to its variables, i.e. ¢ and pu,,

oQ
Ope

~ 0Q
o (¢v ﬂE) = %

(¢7 /’te) =0. (69)

ng

Using Eqgs. (66)—-(68) we explicitly have

oy — (e = m)*2 + (g —mi)®  npoEg|
3n2h3 4 oug p—
(70)
WVy AN oAy (A 2
Tr_2% —ﬁ(—z— ”g) —0. (71
o Mo op \2A} 2h

The first expression is precisely the charge neutrality
condition, where we maintain y in the first term, but we
recall that it is related to y; via Eq. (23). The second one is
the minimization of the grand canonical potential with
respect to the kaon field. We note here that we drop the
ultrarelativistic consideration for electrons since the appear-
ance of kaons may decrease hugely the electron fraction.
By solving the system of Eqgs. (70) and (71) for u, and ¢,
we obtain all the needed information for the new kaon
condensed phase. Then we may compare the particle
fractions and energies between both phases, which we will
call npey and npeuk.

Before solving the full system for different values of the
lattice length L, we may try to obtain the value of the length
at which kaons condense, L.,,y. This value is indeed
important since it will determine whether or not a con-
densate of kaons will appear at some point in the interior of
NSs. This is accomplished with the same system of
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TABLE 1.
saturation.

Sets of parameter values and observables at nuclear

Label  f, e A2 Ey ng Sy Lgym Neona/No

Set 1 133.71 572 5 920 0.165 235 29.1 23
Set 2 138.11 6.34 578 915 0.175 245 28.3 22
Set 3 12096 5.64 2.68 783 0.175 28.7 38.7 1.6
Set4 139.26 5.61 274 912 022 28.6 389 1.6

Egs. (70) and (71) by factoring the sin ¢ from the second
equation and setting ¢ = 0. Then we may see the system as
a pair of equations to obtain the values of y.,,q and Lcyuq,
the values of the proton fraction and the length parameter
for which the kaons condense.

We show in Table I the density at which kaons condense
for different values of the parameters as well as the values
of some nuclear observables they yield. All the values are
given in units of MeV or fm, respectively.

We choose some representative parameter values such
that, for the parameter sets 1 and 2, the energy per baryon
and baryon density at saturation are reasonably close to
their experimental values, whereas sets 3 and 4 reasonably
fit the symmetry energy and slope at saturation. An
exhaustive scan of the parameter space to find some
optimal values for these parameters is beyond the scope
of the present paper because, as explained already, a
quantitatively precise description of a larger number of
nuclear physics observables in any case will require the use
of a more extended version of the Skyrme model.

In Fig. 1, we show the E(ng) curves both without and
with kaon condensation, in dimensionless Skyrme units. It
is clearly visible that for sufficiently large nz a nonzero
kaon condensate is preferred. In Fig. 2 we show the
resulting particle fractions for a particular set of parameters.

47009 Classic
4600{ —— Neutrons
—— npep
45001 __ .k
%4400
= 4300
= 4200
4100
4000
3900
0.35 0.40 0.45 0.50 0.55 0.60
np (fm=?)
FIG. 1. Energy vs baryon density for set 1 of the parameters.

The energy is shown for the classical crystal without isopin
contributions (green), isospin asymmetric (npeu) matter with
(black) and without (blue) kaons. We also plot the completely
asymmetric neutron matter (magenta) which lies slightly above
the blue curve.

10°

n

nB/nO

FIG. 2. Particle fractions as a function of baryon density for
set 1 of the parameters, both with (solid lines) and without
(discontinuous lines) kaon condensate. For the case with kaon
condensate, the contribution of muons is negligible.

When the kaon condensate is taken into account, we
observe that (i) the electric charge neutralization is almost
exclusively provided by the negatively charged kaons, with
a small contribution of electrons and a negligible contri-
bution of muons, and that (ii) the proton fraction gets rather
close to the neutron fraction for large densities. In Fig. 3 we
plot the symmetry energy as a function of both ng and the
kaon condensate ¢. Here two effects can be appreciated.
First, larger contributions of the sextic term (larger values
of the parameter A%) lead to a smaller symmetry energy and,
second, the kaon condensate reduces the symmetry energy
in all cases.

— set 1
— set 2

451 — set 3

— set 4

np/mg

FIG. 3. Symmetry energy of nuclear matter as a function of
baryon density for the sets of parameters considered in this work.
The thick line represents the symmetry energy when kaons are
considered in the system and the dashed line does not include
kaons.
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V. NEUTRON STARS WITH KAON CONDENSED
CORES WITHIN THE SKYRME MODEL

In this section we briefly recapitulate how to obtain the
EOS from the Skyrme crystal solution. Then we calculate
the full npeuK matter EOS, and finally solve the TOV
system and compare the NS properties with and with-
out kaons.

A. The Skyrme crystal EOS for
(a)symmetric nuclear matter

The energy per baryon as a function of the lattice length,
E(L), has a minimum at a certain value L,. The density
ny = (1/2)L;3 at which this minimum is achieved is the
so-called nuclear saturation density, which has been exper-
imentally found to be ny =~ 0.16 fm™. Further, the energy
per baryon at nuclear saturation is E, = 923 MeV. On the
other hand, for the crystal solutions one can define the
energy density p, pressure p and baryon density n as

o E o Ecell

_ L _ Bear 7
r 14 Vcell ( )

OE  OE.y
- , 73
P=7v™ Tovy (73)

B By |1

V Vo 2L

We can understand the cell length parameter L as labeling
the different energy-minimizing configurations at different
densities. Therefore, the three quantities above are related
as functions of L. This relation is precisely the equation of
state (EOS) for skyrmion crystals. It has been recently
shown in [31] that this EOS stiffens in the generalized
Skyrme model, i.e. when the sextic term in (5) is included.
This stiffening significantly rises the maximal NS masses
that can be reached, which is a strong motivation for the
inclusion of the sextic term, as it is necessary in order to
reach the mass range of massive pulsars, around 2-2.5M o
according to recent observations.

The global energy minimum of the crystal is reached at
L = L,, at which skyrmionic matter remains in equilib-
rium, i.e. at zero pressure. For L < L, the crystal is
squeezed, which translates into larger values of pressure
and density. In the opposite region, L > L., the matter
content inside the unit cell spreads and we enter the
unstable branch. Indeed, the pressure in this region is
negative, hence we conclude that this (low-density) regime
is not well described by the crystal solution. We actually
expect that matter inside the unit cell will rearrange in a
kind of inhomogeneous central lump surrounded by vac-
uum [32]. More exotic configurations presenting nonho-
mogeneous structures have also been constructed in the
Skyrme model [52,53]. However, the physical relevance of

these configurations as true energy minimizers in the model
still remains unclear.

Hence, the main ingredient to obtain the EOS for the
Skyrme crystal is the energy dependence on the unit cell
size. The npep matter case is easy to obtain using Eq. (34)
for different values of L after solving the f-equilibrium and
charge neutrality conditions for y. However, once we
include kaons, the change in the energy curve (Fig. 1)
may lead to a first- or second-order phase transition. To
distinguish the order of the phase transition in our case, we
need to know accurately the pressure near the condensation
point. Therefore, we computed more points for the energy
near the condensation value with higher accuracies, and we
obtained the pressure using a numerical derivative. We
conclude that the kaon condensation produces a first-order
phase transition for our choices of parameters in the
Skyrme model. This can be seen in the right plot of
Fig. 4, where we show the EOS for our best accuracy
and for set 1 of the parameters. Clearly, there is a
nonphysical region which must be bridged by a first-order
phase transition. Similar results, indicating a first-order
transition, are found for the other parameter sets. The phase
transition to kaon condensation has been investigated
previously, e.g., within a relativistic mean field theory
framework [9,54]. The kaon optical potential, which is the
relevant parameter for the phase transition, was allowed to
vary within a rather large range in these investigations. This
lead to a large variety of possible situations, from a second-
order phase transition for a weak optical potential to a
strongly first-order transition for a strong one, where the
number of protons outweighs the number of neutrons at
sufficiently high density. For intermediate optical poten-
tials, their results are similar to ours.

43504 —  mpep
npey,? 140
4300
120
§4250 “?S
) ~
= 4200 N 100
~ QO
= 4150 5 80
IS
4100 60
4050
40
0.35 0.40 0.45 400 500
np (1/fm™?) p (MeV] fm~?)

FIG. 4. Left plot: energy per baryon against the side length of
the crystal, calculated with more points near the condensation
values for both branches and their interpolations. Right plot:
pressure against the energy density, from which we conclude that
there is a first-order phase transition. Both plots are for set 1 of the
parameters.
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B. Maxwell construction versus Gibbs construction

The Maxwell construction (MC) is typically used to
obtain a physical equation of state when a first-order
transition is present. Indeed, the MC has been already
studied in the Skyrme crystals context to describe the
transition between crystals with different symmetries [32].
This construction is based on a mixed phase of constant
pressure which connects the two solutions. However, the
MC is only correct when there is a single conserved
charge (in this case, the baryon number) for which the
associated chemical potential is enforced to be common
for both phases in the mixed phase [55]. If, instead, an
additional charge is conserved, like the electric charge in
the case of npeu matter, the Gibbs conditions for the
phase equilibrium,

p=p"  w=w., i=Bg (75
cannot be both satisfied in a standard MC. In the last
expression up and p, represent the chemical potentials
associated to the conserved baryon and electric charges,
respectively. Instead, one should perform a Gibbs con-
struction (GC) [9,55]. Indeed, the GC has also been
proven useful in the context of a hadron-to-quark phase
transition inside NSs [56].

We may write the chemical potential of each particle
species as a linear combination of the chemical potentials
associated to the conserved charges of our system:

Hi = Bipup + qipy, (76)

where B; and ¢; are the baryon number and electric charge
of the particle species i. Then we might identify the baryon
and electric charge chemical potentials with the neutron
and electron chemical potentials respectively. The main
difference between MC and GC is that, in the mixed phase,
the first one imposes charge neutrality locally, i.e. both
phases are neutral independently, however in the GC it is
imposed globally in the mixed phase. Considering a
volume fraction y of the kaon condensed phase, charge
neutrality is imposed in the GC as

n" = (1 - y)nl, + ynll = 0. (77)

The mixed phase in the GC is calculated by identifying first
the contributions to the pressure and charge densities in
each phase separately. Then we have to solve the system of
equations composed by Egs. (71), (75), and (77). We use
the unit cell length parameter of the first (npeu) phase L; as
the variable defining our position in the phase diagram,
then the unknowns are the length in the second (npeuk)
phase Ly, the proton fractions y;, yy;, the kaon field ¢ and
the volume fraction y.

We remark that we assumed in our calculations of the
kaon condensate in Sec. III that the backreaction of the

1080
—— npep
10601 —— npepk
—— MC
10401 — GC

Vv

ﬁ 1020

1000

E/B (

980

960

940

020 025 030 035 040 045
ng (fm?)

FIG. 5. E(ng) curves for the two phases, for set 1 of the
parameter values. The different slopes at the point of phase
separation indicate a first-order phase transition. We also show
the curves resulting from a Maxwell construction (MC) and a
Gibbs construction (GC).

condensate on the crystal is negligible, such that our two
phases are always considered in the same classical crystal
background, and the energies per baryon of the two phases
are compared for the same length L. As a result, we always
should have L; = Ly and, consequently, ng; = ngy by
construction. On the other hand, the relation between L and
the thermodynamical variables p, u; and ¢ used in
Egs. (71), (75), and (77) is quite nontrivial in both phases.
We, therefore, treat Ly as an independent variable in our
numerical calculations. We find that always L; = Ly within
our numerical precision, which provides us with an addi-
tional consistency check both for our numerics and for the
thermodynamical transformations we used.

We show our results in Figs. 5 and 6 for set 1 of the
parameter values. Concretely, in Fig. 5 the energy per
baryon is shown as a function of the baryon density 7 both

-
—— MC

600( __ oc 150
—— BCPM

—— GC + crust

ul
o
o

100

10°

p (MeV] fm?)
w B
o o
o o

N
o
o

10t 102
p (MeV] fm?)

FIG. 6. EOSs for the three different cases that we have
constructed. The jump in the MC due to the first-order transition
and the different behavior of the GC at low densities are clearly
visible. We also show the standard nuclear physics EOS of [57]
(BCPM) and a hybrid EOS obtained by joining the BCPM EOS at
low pressure with the GC EOS at high pressure.
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FIG. 7. Particle fractions for the GC. The main difference with
respect to Fig. 2 is the earlier appearance of kaons.

for the two pure phases and for the mixed phases resulting
from a MC and a GC, respectively. We find that the mixed
phase of the GC, and hence the values at which the kaon
field becomes nonzero, starts at a smaller density than the
value obtained in Table I. This is also found in [9], for
which the GC mixed phase extends to a larger region than
the one obtained from the MC, because the mixed phase in
the GC no longer is for constant pressure. In our case, even
the minimum of E(ng) is shifted to slightly higher densities
and, hence, the use of the GC affects the low density regime
of the EOS. This can also be seen in Fig. 6, where we plot
the equation of state (EOS) p(p) for the different phases. In
particular, in the insert for low pressure it is clearly visible
that for the same set of parameters the GC leads to a slightly
higher energy density at low pressure, which is related to
the fact that the energy minimum is attained for slightly
larger np in Fig. 5. Further, as will be discussed in more
detail below, the various Skyrme model EOSs approach a
nonzero energy density for zero pressure and, therefore,
must be joined to a standard nuclear physics EOS at low
pressure for a more realistic description.

We may also calculate the particle fractions in the mixed
phase of the GC using an expression equivalent to Eq. (77)
for each particle. We show the new particle fractions in
Fig. 7. In comparison to Fig. 2, it is clearly seen that
(i) kaon condensation sets in earlier, and (ii) the proton
fraction is enhanced in the GC. We remark that in Fig. 7 in
the mixed (kaon and no-kaon) phase we only plot the total
particle fractions, i.e., the sum of kaon and no-kaon phase
contributions, weighted by their relative volumes according
to Eq. (77). Considering the kaon and no-kaon phases in the
mixed phase separately, we find that there are more protons
in the kaon phase. Nevertheless, the presence of more
kaons than protons in this phase results in a partially
negative charge density, which is compensated by the
overall positive charge density of the no-kaon phase. In
both phases the number of electrons is much less than that
of protons and kaons.

C. The TOV system and NS properties

In order to calculate the mass and radius for a nonrotating
NS we have to solve the standard TOV (Tolman-
Oppenheimer-Volkoff) system of ordinary differential
equations. It is obtained inserting a spherically symmetric
ansatz of the spacetime metric,

ds> = —A(r)dt* + B(r)dr* + r*(d6? + sin? 0dg?*), (78)

in the Einstein equations,
1
R, — Egm,R = 87GT,, . (79)

To describe matter inside the star, in the right-hand side of
the equation, we use the stress-energy tensor of a perfect
fluid,

T, = (p+ p)u,u, + pg,. (80)

where the pressure p and the energy density p are not
independent but related by the EOS. Hence the EOS
describes the nuclear interactions inside the NS and differ-
ent EOSs lead to different observables.

The resulting TOV system involves three differential
equations for A, B, and p, which must be solved for a given
value of the pressure in the center of the NS [p(r = 0) = py]
until the condition p(r = R) = 0 is achieved.

We use a fourth order Runge-Kutta method of step Ar =
1 m to solve the system and to obtain the main observables
from the solutions. The radial point at which the pressure
vanishes defines the radius of the NS, and the mass M is
obtained from the Schwarzschild metric definition outside
the star,

(81)

The results of this section are plotted in Fig. 8 for the four
sets of parameters. We compare the results between the MC
and GC as well as with the EOS without kaons. The first
observation is that the addition of kaons to the EOS agrees
with the expectation, reducing the achievable maximum
mass. This represents the so-called hyperon puzzle in which
the appearance of new strange degrees of freedom softens
the EOS such that it may not lead to sufficiently massive
NS (~2M). As can be seen, this is not the case in the
generalized Skyrme model since we may obtain very high
masses easily due to the contribution of the sextic term.
Furthermore, the radii of NSs are also reduced, which
benefits our concrete model since the radii for skyrmion
crystals are in some cases too large.

The main difference between the two different construc-
tions is that the MC starts at a given density, hence it
deviates from the npepu EOS at a certain mass. On the other
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FIG. 8.

10 12 14
R (km)

Mass-radius curves of NS with a kaon condensed core. The different sets of parameters that we consider are shown with

different colors. Left panel: solid lines represent npeyu matter, dash-dotted lines are obtained with a MC and the dashed with the GC.
Right panel: the effect of adding a standard nuclear physics low-density region to the Skyrme crystal EOS with kaon condensate

obtained from the Gibbs construction (GC).

hand, since the GC changes the location of the minimum, it
leads to different results also in the low mass region.
However, both constructions practically merge in the high
masses region, in which they follow the same npeuK EOS.

As already explained, the thermodynamically stable
region of the E(L) curves and the corresponding EOS
based on the Skyrme crystal is L < L, or, equivalently,
ng > ny. As a consequence, NSs based on the Skyrme
crystal have np = ng at the NS surface or, in other words,
Skyrme crystal NSs have no low-density region (outer core
and crust). In the right panel of Fig. 8, therefore, we show
the result of adding a low-density region to the NS by
joining the GC equations of state of the Skyrme crystal with
a standard nuclear physics EOS for low densities (the
corresponding EOSs are shown in Fig. 6). Concretely, we
use the BCPM EOS [57] and joint the two EOSs at the
pressure p = p, where the two EOSs coincide, i.e.,
pecpM(P+) = Perysar (P-), exactly as we did in [31]. In
terms of the baryon density, the joining occurs at ng , ~
1.1n, for parameter sets 1-3, and for ng, ~ 1.2n, for set 4.
Again as in [31], we assume a smooth joining between the
two EOSs (concretely, described by a quadratic interpola-
tion) in order to avoid an artificial phase transition at p.,.
We also plot in Fig. 8 the most likely mass-radius relations
for the NS corresponding to GWI170817 [58] and
GW190425 [59] events (orange and blue regions). The
green regions represent the estimations for the mass and
radius values of PSR J0740 + 6620 (top) [60] and JOO30 +
0451 (bottom) [61]. We find that the NSs resulting from the
addition of a low-density region to the Skyrme crystal EOS
with a nonzero kaon condensate agree very well with these
recent constraints. Further, the softening of the EOS due to

the presence of kaons and the resulting smaller NS radii are
important for this agreement.

VI. CONCLUSIONS

The quantization of the isospin degrees of freedom in
[33] allowed us to find the dependence of the isospin
contribution to the energy (hence the isospin chemical
potential) on the lattice length of the skyrmion crystals,
which in turn determines the proton (and electron) fraction
in f-equilibrated skyrmion crystals. In this paper, we have
used this information to develop a method for the precise
determination of the critical density at which charged kaons
will condense inside a neutron star described by a Skyrme
crystal. Although the prediction of the condensation of
charged mesons at high (isospin) chemical potential is
common in nuclear matter literature, and there have been
some partial results within the Skyrme model [62,63], we
have, to our knowledge, for the first time provided a
framework which allows to precisely calculate the value
of the density where kaon condensation sets in.

Concretely, the version of the Skyrme model we use is
still too simple for a quantitatively precise determination of
a large number of observables of nuclear physics, but
reasonable values for those observables most relevant for
nuclear matter in the interior region of neutron stars and for
kaon condensation can be achieved. For the corresponding
sets of parameter values, kaon condensation sets in at
around twice nuclear saturation, so the prediction from the
Skyrme model is that strangeness will be present at the core
of neutron stars in the form of an (anti)kaon condensate.
Further, we have computed the EOS for skyrmion matter in
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the condensate phase, which becomes softer due to the
additional degrees of freedom. This has appreciable effects
on the mass-radius curves for physically relevant param-
eters in the model, reducing the maximum radii by about
0.5—1 km. We found that a correct treatment of the resulting
first-order phase transition between the phase with and
without kaon condensate by a Gibbs construction, as
originally advocated in [55], is important for these results.

Despite the prediction of a very early onset of kaon
condensation as compared with other nuclear EOSs, the
maximum mass limit for neutron stars does not get
significantly reduced, due to the sextic term being dom-
inant at such densities. The fact that the presence of a kaon
condensate does not pose a problem for reaching high
masses in the Skyrme model, however, does not imply that
the hyperon problem is completely solved in skyrmion-
based EOSs. Indeed, in addition to kaons, one should take
into account also hyperon degrees of freedom within the
Skyrme model. Whilst hyperons can be successfully
described within this model [38], and even a proposal to
study modifications of hyperon properties in dense matter
has been provided in [64], it is not clear for us how to apply
these ideas to skyrmion crystals. A possibility would be to
extend the isospin quantization scheme proposed in [33] to
the three flavor case, and quantize the whole SU(3) rotation
group. This method, however, is much more technically
involved, and relies on the assumption of an approximate
SU(3) symmetry of the Hamiltonian, which only holds for
sufficiently large densities.

In any case, a quantitatively more precise modeling of
nuclear matter will require more extended versions of the
Skyrme model as a starting point. This is all the more true
for nuclear matter at lower densities which is relevant, e.g.,
for the outer core and the crust of NSs, and where both finer
details of nuclear forces and electrostatic (Coulomb energy)
effects must be taken into account. On the other hand, at
high densities the behavior of skyrmionic matter (Skyrme
crystals) becomes more universal, and the inclusion of the
sextic term is the most important modification. We are,
therefore, confident that the main results of the present
paper will continue to hold once such a more refined
treatment is employed.
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APPENDIX A: DERIVATION OF THE WZW AND
SEXTIC TERMS CONTRIBUTION TO Vg

To work with the WZW and sextic terms, it is useful to
employ the formalism of Lie algebra-valued differential
forms, which we will extensively do in this appendix. Let us
first review the basic properties of such objects and establish
the notation that we will follow. A g-valued differential form
a can be written in terms of the Lie algebra generators 7', as
a=a*®T, The exterior derivative is then simply
obtained as da = da® @ T,. Furthermore, the wedge prod-
uct on g-valued forms is defined as

aAB=a" NP QT,T,, (A1)

so that the following useful properties hold:
da A B =(da) AB+ (=1)an (dB)  (A2)
Tra A = (=1)dPITLB A a, (A3)

where |a| denotes the degree of a. Also, by linearity of
the trace, both the trace and the exterior derivative com-
mute, i.€.

dTra = Trda. (A4)
To alleviate the notation, in the following we will drop the
wedge product symbol and denote the product (A1) simply
by af. Then, for instance, if @ and f# denote two one-forms,
we have Traf = —Trpa, d(aff) = dap — adp.

Let us now perform the most general chiral transforma-
tion to the Skyrme field U,, given by U = g,U,g, with
(91-9,) € SU(3), x SU(3);, and define the following
8u(3)-valued differential forms:

p=g,dg;.
(A5)

V=U'dU, L=U}dU, — a=gldg,

By definition, we have the following relation between the
forms above:

V= (Usg,) [+ Un(L = ULULg,.  (AS)
On the other hand, the WZW action is then given by the
pullback of a volume five-form Qs by an extended Skyrme
field U:D> — SU(3) [65] integrated over an auxiliary
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five-dimensional disk D whose boundary is the spacetime
manifold M,

Swzw (A7)

N¢
— i~y
’2407;2[) (@)

The form U*(Qs) can be expressed in terms of L as

Nc
L)=—i Te{V?
Swzw (L) 12407[2/1) r{V°}
_iNe

— _240ﬂ2/DTr{[a+ U.(L-p)ULPY.  (A8)

Let us denote the one-form U,(L —f)U} by w. The
exterior derivative of this form is

Nc
N L)=—i
wzw(L) 124()”2

/ Tr{a + o]’}
M
iNe

= Swzw(@) + Swzw(@) — Ty

dw = dU,(L — p)U} + U,(dL — dp)U} — U,(L — p)dU}
= —UL(dL +dp+ LB+ L)U,, (A9)

where we have used the fact that both # and L satisfy the
Maurer-Cartan equation dfj = —*>. Moreover, one can
straightforwardly see that

w?* =UL(L—p)*U, = Ul(~dp — dv—pv—vp)U, = dw.
(A10)

Knowing this, we have

/ Tr{d*w + o*a + ?0* + 0*&® + awaw?* + wawa®}
M

iN, 1
= Swzw(a) + Swzw(®) — 48;24/\4 Tr{a)3a —dPw-— 3 (aa))z}, (A11)

where we have used Eqgs. (A2)-(A4), the relation (A10) for @, the M-C equation for @ and Stokes’ theorem in the last step.
Repeating the same calculation for Sy, w (@) yields

Swnwlo) = =iz | (L= pP)

iN¢

1
= —Swzw(f) + Swzw(L) — @/{)M Tr{L3/3 -pL - 2 (Lﬁ)z}’ (A12)
so that
Swzw (V) = Swzw(L) + Swzw (@) — Swzw (B)
- %/w\/{ Tr{L3ﬁ -pL - % (LP)? + w’a— dw — % (aw)z}. (A13)

Let us now turn to the sextic term. The coordinate free
version of L¢ is given by

Equation (A13) shows that a chiral transformation of the
SU(3) Skyrme field induces an additional local term in the
action due to the nontrivial transformation of the (nonlocal)
WZW term. Furthermore, if we fix the chiral transforma-
tion fields to only depend on one spacetime coordinate,
gi/r(x) = gy, (), any power of a and $ will vanish in the
local, four-dimensional effective term. Taking this into
account, we arrive at the final result:

Lo = 12n*B A B, (A15)

iNc 3 + where * denotes the Hodge star operator, and 3 the one-
Swzw (V) = Swzw(L) T 48722 A T Tr{L*(B + UraU,)}, form in spacetime whose coordinates in a local chart
coincide with the baryon current, B = B,dx*. We can

(A14) ;

construct such form as the Hodge dual of the baryon

from which Eq. (51) is readily obtained. number density three-form,
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b= (24z*)7'U*(Q3) = —Tr{LML,,L,,}dx” A dx¥ A dxP

3‘b,w,,dx A dx¥ A dx?, (A16)
ie.
B=xb= %b”/"’eyp(mdx"
e Tr{L,L,L,} = B,dx".  (A17)

= 2472

Thus L4 = A2z*xb A b. Expressing the sextic term in such
form is most useful for calculating its contribution to the
kaon potential employing the formalism of differential
forms in the same way as for the WZW term. Indeed,
we see that

1
3 Tr{w® + 3ww?},

=—_Tr{L3) = Al8
where we used the fact that w” = 0 for n > 2 because the
kaon field X only depends on time. Hence, also v" = 0 for
n > 2 and vw = 0 hold, and, given that @ = Uj;(ﬂ -v)U,,
we may write

b=——Tr{f> +3(wUi(B - v)*U, - f*v)}

247>

——Tr{® + 3p2(U,wU} — v)}. (A19)

T 2477
Thus, the baryon current density in the kaon condensed
phase will be modified by B* = B% + C*, where B} is the
baryon current due to the pionic background and

1 N
o= geﬂVﬂ”Tr{RDRP(Uﬁzaﬂzf Ui -%f9,2)}.  (A20)
For a time independent pion background and a homo-
geneous kaon condensate, we have B’,’,Cﬂ = 0, and hence
the only contribution from the sextic term (e B, B*) to Vg
comes from the additional term:

1
C,C =
# T 64

- Syypaeﬂaﬂ"[‘r{RVRE/,é(,}Tr{R(zRﬁf}’ }

-1
~ 64n eijc€im TH{R R o} Tr{R,R .o}, (A21)

where &, = U,29,='U} — =79, %.

APPENDIX B: EXPLICIT EXPRESSIONS

We show here the explicit expressions of the (third
component of the) inertia tensor and the kaon isospin
current, divided into separated contributions coming from
the quadratic, quartic, sextic and Wess-Zumino-Witten
terms. A superindex labels the origin of each contribution:

A=A = Agz) + Ag4) + Agé) (B1)
Ay=A = AR 4 AW 4 A0 L AVIW) (D)
with
AP = 24Te{T,T5}
2 2
=BTE (1 o) + (1 -+ 0)sin®(20)/4, (B)
AY = —abTe{[T5, L[5, Li]} = 2(1 + cos’p)
x [(1 = 73)(0;6% + 67130,60,73) + (6 <> 73)]
+ (9ing)*(1 + o) /4sin*(29), (B4)
AP = 554 €M T {T5L,, L, e, Tr{T5L, Ly}
A fretuy y
=5 K(1+cos?(¢))?(0,x30,0 —0;00,73)>  (B5)

A®) =24Tr{T;Ly}

= —ipg[(7} + B3)(cos* = 1) + (1 + o)sin? (269) /2],
(B6)

A(4) = —4bTr{[Ta,Lk] [Tb’ Lk]} = —21//{[([2(1 - COS4¢)
x (m}0;n} + m30;m}
= (014)* (] + 73)) + (9

- 27[171'261'71'1 aiﬂz
ng)?/4(1 + o)sin®(24)],

(B7)

A6 — _

3274 8lmnTr{T3Lan }8lrsTr{L0LrLs}

= ipg A2 f2e*(1 4 cos? @) sin® p(0,730,0 — 0;60;73)*

(B8)

A(wzw) NCBcell 2(¢)

_ (B9)
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