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Abstract: Kaon condensation in hyperon-mixed matter [(Y+K) phase], which may be
realized in neutron stars, is discussed on the basis of chiral symmetry. With the use of the
effective chiral Lagrangian for kaon-baryon and kaon-kaon interactions; coupled with the
relativistic mean field theory and universal three-baryon repulsive interaction, we clarify
the effects of the s-wave kaon-baryon scalar interaction simulated by the kaon-baryon
sigma terms and vector interaction (Tomozawa—-Weinberg term) on kaon properties in
hyperon-mixed matter, the onset density of kaon condensation, and the equation of state
with the (Y+K) phase. In particular, the quark condensates in the (Y+K) phase are obtained,
and their relevance to chiral symmetry restoration is discussed.

Keywords: meson condensation; chiral symmetry; quark condensates; hyperon mixing;
universal three-baryon repulsion

1. Introduction

The possible existence of meson condensation (MC) in dense and hot hadronic matter
has been extensively considered from the viewpoints of particle physics, nuclear physics,
astrophysics, and condensed matter physics. Much attention has been paid mainly to pion
condensation [1-6] and kaon condensation [7-20]. Meson condensation is characterized
as the macroscopic realization of the Nambu—Goldstone (NG) bosons (specifically pions
and kaons) in a strongly interacting system of bosons and baryonic matter. Therefore, the
meson-baryon dynamics associated with underlying chiral symmetry and its spontaneous
or explicit symmetry breaking play an important role in revealing the properties of the
meson-condensed state. In this respect, the meson-condensed system offers a remarkable
contrast to usual condensed matter systems like dilute Bose gases, where formation of the
Bose-Einstein condensation (BEC) occurs as a result of a competition between thermal
fluctuation and quantum statistics.

In relation to the thermal evolution of neutron stars, it has been suggested that extraor-
dinary rapid cooling processes through neutrino emissions may become possible in the
presence of MC [for example, refs. [11,21] for pion condensation (PC) and refs. [8,22-24]
for kaon condensation (KC)]. The relevant weak reactions can be described in a unified
way together with meson (M)-baryon (B) dynamics on the basis of chiral symmetry.

Along with the development of strangeness nuclear physics involving kaons, ¢ mesons,
and hyperons, a possible existence of KC has been suggested as a novel hadronic phase
with multi-strangeness [7]. It has been shown that the s-wave KC is formulated model-
independently with a framework of current algebra and the partial conservation of axial-
vector current (PCAC) [8] in the context of both the EOS and weak reactions. Subsequently, a
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coexistent phase of KC and hyperon (Y)-mixed matter [(Y+K) phase] has been considered in
the relativistic mean field (RMF) theory [25-27], in the effective chiral Lagrangian for kaon
(K)-baryon (B) interaction [28-30], density-dependent RMF theory [31-33], and an effective
chiral Lagrangian coupled to the RMF and three-baryon repulsion [34-36]. The driving
force of kaon condensation is brought about by both the s-wave K-nucleon (N) scalar
interaction simulated by the KN sigma term Xxn and the s-wave K-N vector interaction
corresponding to the Tomozawa-Weinberg term. Xxy not only specifies the scale of explicit
breaking of chiral symmetry, but also is related with the §q quark contents in the nucleon.
The onset density of KC, pg(K™), has been estimated to be pg(K™) = (3-4) po with the
nuclear saturation density pg (=0.16 fm~3), depending on the value of Zy. Beyond the
onset density, the kaon-condensed phase in hadronic matter develops, accompanying the
softening of the equation of state (EOS) at high densities, and it is eventually considered
to move to a chiral-restored phase. Thus, the KC may be regarded as a pathway from
hadronic matter to strange quark matter and may affect properties of the §q condensate in
dense matter, which is an order parameter of chiral restoration.

In this paper, we clarify the roles of the quark (jq) contents in the baryon and quark
condensates in the (Y+K) phase comprehensively in the context of chiral symmetry and
its spontaneous and explicit breaking. First, we reanalyze the allowable range of the
KB sigma term for baryon B in terms of recent constraints of the 77-N sigma term, Xy,
and the strangeness contents inside the nucleon, (5s)y, which have been obtained from
phenomenological analyses and lattice QCD. Second, the g condensate in the ((Y+K)
phase is obtained with the help of the Feynman-Hellmann theorem in the mean field
approximation. We discuss the relevance of the s-wave KC to chirally restored quark matter
through the behavior of the quark condensate as a mediating order parameter between the
(Y+K) phase and quark phase.

As a background of our present study, we overview our interaction model for the
(Y+K) phase, which has been explored in a series of our works, and summarize the results
on the onset density of KC in hyperon-mixed matter, the EOS, and the characteristic features
of the (Y+K) phase [36].

The paper is organized as follows. In Section 2, the chiral symmetry approach for kaon
condensation based on the effective chiral Lagrangian (abbreviated to ChL) is introduced.
In Section 3, the “minimal” RMF (MRMF) theory is explained in the meson-exchange
picture for B-B interaction. In addition, the universal three-baryon repulsion (UTBR)
[string junction model (SJM) as a specific model] and three-nucleon attraction (TNA) are
introduced phenomenologically. The formulation obtaining the ground state energy for
the (Y+K) phase is described in Section 4. In Section 5, the results on the properties of the
symmetric nuclear matter (SNM) with our interaction model are given. In Section 6, the
“KB sigma terms” are estimated by the inclusion of the nonlinear effect with respect to the
strange quark mass beyond chiral perturbation in the next-to-leading order. In Section 7,
the onset of the s-wave KC in hyperon-mixed matter and the composition of matter in the
(Y+K) are figured out. In Section 8, the static properties of neutron stars with the (Y+K)
phase such as gravitational mass and radius are summarized. Quark condensates in the
(Y+K) phase and relevance to chiral restoration are discussed in Section 9. A summary and
outlook are given in Section 10.

2. Chiral Symmetry Approach for Kaon Condensation

The (Y+K) phase is composed of kaon condensates and hyperon-mixed baryonic
matter together with leptons, being kept in beta equilibrium, charge neutrality, and baryon
number conservation. Among the ¥~, £°, and £+ hyperons and £, E° hyperons, £~ and
&~ hyperons are considered as favorable to appear in matter, since the degenerate energy
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of negatively charged leptons (e~, 11~) helps meet the onset condition of leptonic weak
reactions, although there is another ambiguity concerning the hyperon potential in matter.
In the following, we simply take into account protons, neutrons, A, ~~, and =~ hyperons
for baryons and electrons and muons for leptons.

Kaon—Baryon and Multi-Kaon Interactions

We base our model for K-B and K-K interactions upon the effective chiral SU(3);, x
SU(3)r Lagrangian [7] in the next-to-leading order O(p?) with the typical energy scale p in
chiral perturbation. The relevant Lagrangian density is given by the following:

1 1
i 2 Te(aruta,u) + 5 F2Aysp(TrtM(U — 1) + hec.)

Tr¥ (iv"0y — Mp)¥ + Tr¥ 9" [Vy,, ¥] + DTr¥y"°{A,, ¥} + FTr%P‘f (A}, Y]

nTrF(EMTE +he)¥ + TP (EMTE + hee) + az(TrMU + he)Tr¥FY, (1)

where the first and second terms are kinetic and mass terms of the nonlinear meson
fields, U = exp(2in,T,/ f) with 7, (a = 1 ~ 8) are the octet mesons, T, is the flavor
SU(3) generator, f (=93 MeV) is the meson decay constant, Aygg ~1 GeV is the chiral-
symmetry breaking scale, and M (=diag(m,,, m;, ms)) is the quark mass matrix. The third
term in Equation (1) is kinetic, and the mass terms of the octet baryons ¥ with Mp are the
spontaneously broken baryon mass. The fourth term represents the s-wave K-B vector
interaction with V,, = 5’(@*3;,5 + 68,4(:*) being the vector current for the meson field ¢
(=U'/?). This term corresponds to the Tomozawa-Weinberg and term plays a role of
one of the main driving forces for KC. The fifth and sixth terms (the F and D terms),
with A, = %(C*ayé — gayg*) being the axial-vector current for the meson, lead to the
p-wave K-B interactions. As for the p-wave K-B interactions, it has been suggested that a
spontaneous creation of a pair of the particle-hole collective modes may occur with K and
K™ quantum numbers (p-wave kaon condensation) in the case of a large fraction of the A
hyperons, through an onset mechanism that is similar to the p-wave pion condensation [37].
In general, the p-wave meson condensation accompanies the particle-hole excitations of
baryons, so that the onset density and the EOS with the condensed phase are sensitive to
the medium effects [11], which should be taken into account for a realistic consideration. In
this paper, we simply neglect the F and D terms, and only the s-wave KC is considered.

The last three terms with the coefficients a;~a3 in Equation (1) are in O(p?) through
the m;-dependence in M and break the chiral symmetry explicitly. They serve as another
driving force for KC as the “K-baryon sigma terms”, Xg;. Throughout this paper, we
consider only the K* [=(my Fi ms)/ /2] for 1,, and nucleons (p, n) and hyperons (A, X7,
&7) for Y.

In order to reproduce the s-wave on-shell KN scattering amplitudes, we should
conventionally take into account the range terms of the order w? [=O(p?)] with the lowest
kaon energy wk and a pole contribution from the A (1405), which lies ~30 MeV below
the KN threshold. Indeed, they have sizable contributions to the s-wave on-shell KN
scattering amplitudes. Nevertheless, these contributions become negligible at a higher
density pp 2 po, since wg /myg < 1 as the density pp increases, and the X, solely remains
to work as the s-wave K-B attractive interaction. The same consequence, which we call
the second-order effect, has been obtained in the second-order perturbation with respect
to the axial-vector current in the framework of current algebra and PCAC [19]. Therefore,
throughout this paper, these range terms and the A (1405) pole contribution are neglected
from the outset.
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The classical kaon field is assumed to be spatially uniform with spatial momentum
|k| = 0 and represented classically as follows:

K* = \g@ exp(Liuxt), ()
where 0 is the chiral angle and g is the K~ chemical potential. As for the K™ meson in
matter, the s-wave K-N vector interaction and the range terms work repulsively [19,30].
Therefore, the lowest K™ energy increases with density, and the K™ condensation cannot
be expected to appear in B-equilibrated matter. Throughout this paper, we concentrate on
K™ condensation.

By the use of Equation (2), the Lagrangian density (1) is separated into the kaon part
Ly and the baryon part L£p in the mean field approximation: Lx p = Lx + Lp. For Lk, one
reads [34,36]:

1
Ly =f2 [E(VK sin @)% — m3 (1 — cos ) + 2pux Xo(1 — cos 9)} ) 3)
where the second term in the bracket on the r. h. s. is the kaon mass term with
mg = [AXsB(mu + ms)]l/z (4)

being identified with the kaon rest mass, which is set to the empirical value (493.677 MeV).
The last term in the bracket on the r. h. s. of Equation (3) stands for the s-wave K-B vector
interaction, with Xy being given by the following:

1

Xo = =5 ) QY ps
2f2 b=pn,A\X,E"
1 1 1
Y (Pp 5P = 505 — PE-) / (5)

where p, and Ql{, are the number density and V-spin charge, respectively, for the baryon
species b. The form of Equation (5) for X is specified model-independently within chiral
symmetry. From Equations (3) and (5), one can see that the s-wave K-B vector interaction
works attractively for protons and neutrons, but repulsively for ¥~ and &~ hyperons, as
far as px > 0, and there is no s-wave K-A vector interaction.

For Lg, one reads:

Lp = Y. (Mo — My, (6)
b=pn,ALX,E

where 1, is the baryon field b and M;; is the effective baryon mass:
My = My — Xgp(1 —cosb), (7)

where M, (b = p,n, A,X7,27) is the baryon rest mass, which is read off from the last three
terms in (1) as follows:

M, = Mp—2(aym, +ayms),

M, = Mg —2(aymy+ ayms),

My = MB—1/3‘(611 —|—a2)(mu+md+4ms),
Ms- = MB - 2(111md + ﬂzmu) ,

Mz- = Mp — 2(ayms + aymy,) (8)
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with Mg = Mp — 2a3(my, + my + ms). The quark masses m; are set to be (m,, my, ms) =
(2.2,4.7,95) MeV with reference to recent results of the lattice QCD simulation [38]. The
parameters a1 and a, are then fixed to be a; = —0.697 and a; = 1.37 so as to reproduce the
mass splittings between the octet baryons. The second term on the r. h. s. in Equation (7)
represents a modification of the free baryon masses M, through the s-wave K-B scalar
interaction simulated by Xg;, (b = p,n,A,27,E7), which are denoted in terms of the
coefficients a1, a5, and a3 in Equation (1) as follows:

Lin = —(ap+2a3)(my +ms) = Zgy-, (9a)
5 5

kA = — (6a1 + 8612 + 2013) (mu + ms) ’ (9b)

Ykp = —(ay+ax+2a3)(my +ms) =Zgz-. (%)

These quantities are identified with the “kaon-baryon sigma terms”, which are defined by:

S = %(mu ) (b| (1 + 55) ) (10)
by the use of the Feynman-Hellmann theorem, (b|Gq|b)=0M,;/dm, for q = (u,d,s), with
the help of the expressions of the baryon rest masses [Equation (8)] up to the next-to-leading
order in chiral perturbation. It is to be noted that, throughout this paper, the quark content
in the baryon, (b|jq|b), implies the value after the subtraction of the quark condensate in
the QCD vacuum, (0|4g/0) [39].

3. Baryon Interactions
3.1. Minimal RMF for Baryon—Baryon Interaction

The B-B interactions are given by the exchange of mesons [o, ¢* (~ 3s) for scalar
mesons, namely w, p, ¢ for vector mesons] in the RMF theory [34-36]. We adopt the RMF
model for a two-body B-B interaction mediated by meson exchange, without the nonlinear
self-interacting (NLSI) meson potentials. [We call this model a “minimal RMF” (abbreviated
to MRMEF) throughout this paper].

Together with the free meson part of the Lagrangian density, one obtains the B—-M
Lagrangian density as follows:

_ . b ~
Lym = ;lpb (W" Dy — My )%
1 1
t 3 (8”(78,40 - m%,(fz) t3 (8”0*8,10* - mg*a’&)
1 1
_ %aﬂwww —i—lzmi}aﬂ‘a)y — ZREWR;ZV + EmﬁRﬁRZ
— 14),“1/()1)]“/ + Emé(l)y(l)‘u , (].1)

where the first term on the r. h. s. in Equation (11) is taken over from Equation (6). The
effective baryon mass is further modified from the M; [Equation (7)] due to scalar meson
(o, 0*)-B couplings:

]\71;; = Mj — 800 — 8o+b0"
= My —Zgp(1—cos0) — gop0 — &0, (12)
where g,1, g+ are the scalar-meson-baryon coupling constants. Furthermore, the deriva-
tive in (6) is replaced by the covariant derivative as 9, — Dp(,b) = 0y + igupwy +

i gpbf;b)Rf, +igppPu, Where the vector meson (w, p, ¢)-B couplings are introduced. The

vector meson fields for the w, p, ¢ mesons are denoted as w! and R} with the isospin compo-
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nents 2 and ¢, respectively, and g,,;, is the vector meson-B coupling constant. The kinetic
terms of the vector mesons are given in terms of w#' = #w" — d'wk, R = 9*RY — d'R}),
and ¢"" = 0'¢" — 0V¢¥. Throughout this paper, only the time components of the vec-
tor mean fields, wy, Ry (= R3) and ¢y, are considered for the description of the ground
state, and they are taken to be uniform. The meson masses are set to be m, = 400 MeV,
Mg+ =975 MeV, m, =783 MeV, m, = 769 MeV, and my = 1020 MeV.

It should be remarked here that the NLSI terms were originally introduced in order to
phenomenologically reproduce the ground state properties such as the incompressibility
and slope of the symmetry energy at the saturation density through ¢® and ¢* terms and
w-p coupling terms, respectively. The NLSI terms generate many-baryon forces through
the equations of motion for the meson mean fields. The extension of the NLSI terms to high
densities, however, leads to only a minor contribution to the repulsive energy. Therefore, in
the context of the stiffening of the EOS at high densities, the NLSI terms are not responsible
for a solution to the “hyperon puzzle”, nor can they compensate for large attractive energy
due to the appearance of the (Y+K) phase [34-36].

3.2. Universal Three-Baryon Repulsive Force and Three-Nucleon Attractive Force

Instead of the NLSI terms, we introduce the density-dependent effective two-body
potentials for the universal three-baryon repulsion (UTBR), which has been derived from
the string-junction model by Tamagaki [40] (§]M2) and originally applied to hyperon-
mixed matter by Tamagaki, Takatsuka, and Nishizaki [41]. Together with the UTBR,
phenomenological three-nucleon attraction (TNA) has been taken into account, and we
have obtained the baryon interaction model that reproduces the saturation properties of
symmetric nuclear matter (SNM) together with empirical values of incompressibility and
symmetry energy at pg.

In the SJM, when two baryons fully overlap at high densities, it is necessary to form
the string junction net, accompanying the excitation of the junction (J)-anti-junction (J)
pair or B-B excitation with energy ~2 GeV, so that the confinement mechanism persists
inside two baryons. To avoid such an energy excess, two baryons are kept apart from each
other, which means the existence of a high-potential core with the potential height ~2 GeV
between two baryons. Likewise, the origin of the three-baryon repulsive force is explained
with recourse to the quark confinement mechanism in the SJM when three baryons are
fully overlapped [40]. Therefore, it is natural that the three-body repulsion is qualitatively
independent on the spin flavor of baryons, reflecting the confinement mechanisms of
quarks at high-density regions. Thus, it is assumed to work universally between any
baryon species. Along with this viewpoint, we adopt a specific model for the universal
three-body repulsion (UTBR) proposed by Tamagaki based on the string-junction model
(SIM2) [40,41]. We utilize the density-dependent effective two-body potential Ugjv(1,2; oB)
between baryons 1 and 2, by integrating out variables of the third baryon participating
in the UTBR, after assigning the short-range correlation function squared ferc(r)? for each
baryon pair [40]. In the following, the approximate form of Usjy is used as follows:

Uspva (75 08) = Vipp(1+ cr08/00) exp[—(r/Ar)?], (13)

where V, = 95 MeV-fm?, ¢, = 0.024, and A, = 0.86 fm corresponds to 7. = 0.50 fm for
SJM2 [41]. The Usp grows almost linearly with pg. Finally, one obtains the effective
two-body potential, EISJM(r; pB) = fere(r)Uspm(7; pB)-

To simulate the attractive contribution from the TNA to the binding energy for pg < po,
we adopt the density-dependent effective two-body potential by Nishizaki, Takatsuka, and
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Hiura [42], which was phenomenologically introduced and the direct term of which agrees
with the expression by Lagaris and Pandharipande (LP1981) [43]:

Urna (75 08) = Vaps exp(—1aps) exp[—(r/Aa)*](T1 - T2)?, (14)

where the range parameter A, is fixed to be 2.0 fm. Urna (7; ) depends upon not only
on density but also on isospin 7j - T with Pauli matrices T;. The parameters V, and 7, are
determined together with other parameters to reproduce the saturation properties of the
SNM for the allowable values of L (see Section 5).

4. Description of the Ground State for the (Y+K) Phase
4.1. Energy Density Expression for the (Y+K) Phase

The energy density £ for the (Y+K) phase is separated into the KC part, £, the baryon
kinetic part, and meson part for two-body baryon interactions, £p 1, three-body interaction
parts, £ (UTBR) + £ (TNA), and free lepton parts, & for the ultra-relativistic electrons and
&y for muons. From (3) and (11) one obtains the following:

1
Ex = E(;4Kfsin9)2 + f2m% (1 —cosf), (15)
Eoi = Logoy [ lpl(pl+ M%)
7 (27)° Jip|<pr(v)
1 o\ L1
+ 5 (m?,az +mi.o 2) +5 (mﬁ)wg +mRG+ m$b4>§) , (16)

where each Fermi sphere of a baryon (b) is fully occupied up to Fermi momentum pg(b).
The contribution from the UTBR is written in the Hartree approximation as follows:

€ (UTBR) = 27mpg / drr*Uspp (7; )
320
= V() <1+cr‘l;]§)
7T3/2 ~ 3
= TPBUSJMZ(T =0;08) - (Ar)”, (17)
where (A,)% = ii/z/ drrzfsrc(r)e’(’mﬁ2 (=0.589496 - - -) for SIM2. With the use of
/2 Jo

the spatial average for the s. r. c. function fe(r) being denoted as f, one can write
(A)% = f_.. - (A;). Thus, A, is interpreted as the range of the effective two-body potential
Uspvz (75 0B)-

Likewise, the energy density contribution from the direct term of the TNA is repre-
sented as follows:

5 (TNA) = %/d?)rvupBeir]ﬂpBe*(r//\a)z
X p3{3—2(1—2x,)%}
= Yaphe 1P {3 —2(1—2x,)%} (18)
with v, = (713/2/2)Vu/\2 and x, = p,/pp being the proton-mixing ratio. With

Equations (15)—(18) and the relativistic forms of the lepton energy densities, the total
energy density £ is given by the following;:

E=Ek+ gB,M + S(UTBR) + E(TNA) + &+ gy . (19)
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4.2. Classical Field Equations for Kaon Condensates and Meson Mean Fields

Throughout this paper, the classical K~ field ([K~| = f0/+/2) and meson mean fields
(0,0%,w,p,¢) are set to be uniform and only depend on total baryon density pg. The
equations of motion for these fields are derived from the Lagrangian density Lx + Lp »1 in
the mean field approximation.

The classical kaon field equation follows from

a(ﬁK + EB,M)/E)B =0,

which renders
Hk cos 0 +2Xoux —mig =0, (20)

where the effective kaon mass squared is defined by

1
mg=mig——= Y., 0OZk (21)
f b=pn,AX" 5

with p} being a scalar density for baryon b:

s 2 / 3 M,
Po (270)3 Jip|<pr(d) P (Ipl?+ M;?)1/2

As for the equations of motion for meson mean fields, one obtains the following:

myo = Yo souo (23a)
b=pn,AX~,E"

O D D A (23b)
Y=AX",E~

mhwy = Y. 8wbPb s (23¢)
b=pn,AX~ 5"

~(b

mRy = Y gl on, (23d)
b=pn,AX-,E"

mido = Y. SpvPy - (23e)
Y=AX",E~

4.3. Ground State Conditions

The ground state energy for the (Y + K) phase is obtained under the charge neutrality,
baryon number, and B-equilibrium conditions. Since we consider K™ condensation in
hyperon-mixed matter, and only p, n, 2.7, and &~ are taken into account for baryons, as
stated in Section 2, the charge neutrality condition is written as follows:

PQ =Pp —Ps- — Pz — Pk~ —Pe—Pu=0, (24)

where pg denotes the total negative charge density, and pg- is the number density of KC
and is given from the kaon part of the Lagrangian density (3) as:

px- = —iK (dLyx/9K~) + iK' (dLk/IKT)
= uxfrsin?6 +2f?Xo(1 — cosh) . (25)

In Equation (24), p is the electron number density and is related to the electron chemical
potential y, as p, = p3/(37) in the ultra-relativistic limit. p;, is the muon number density
and is given by p,, = [pr(p™)]3/(37%).
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The baryon number conservation is given by:

Pp +Pn+pA+pPz- +pz- =pB- (26)

In addition, the following chemical equilibrium conditions for weak processes are imposed:
n=p+K,n=p+e (+%),n+e =L (+1), Ad+e = E (+v,), n = A(+v,?,),
and those involved in muons in place of e~ if muons are present. These conditions are
followed by the relations between the chemical potentials

H=HK = He=HWu=HMn—Hp,
]’l/\ = ,u'rl/
He- = Hz- = pn e, (27)

where y and y; (=0€/9p;) (i = p, n, A, ¥=, E~, K7, e~, yu~) are the charge chemical
potential and the chemical potential for each particle species (i), respectively, at a given
baryon number density pg. It is to be noted that the strangeness-changing weak process,
n — p+ K7, is expressed in terms of quarksasd — u + W~ and W~ — s + i, the latter of
which proceeds through a flavor-mixing effect with the Cabibbo suppression.

5. Choice of Parameters and Properties of Symmetric Nuclear Matter
5.1. Meson—Nucleon Coupling Constants Determined from Saturation Properties in the SNM

In order to determine the meson-nucleon coupling constants, ¢on, wn, §on, and
the 0, w mean fields, (0)g, (wp)o, and parameters in TNA, #,, 7, we impose the sat-
uration properties of the symmetric nuclear matter (SNM), i.e., the saturation density
po = 0.16 fm~3, binding energy By = 16.3 MeV, incompressibility K = 240 MeV, symmetry
energy So = 31.5MeV, and slope L [= 3po(dS(pB)/dpB) p,—,,] = (60-70) MeV, taking into
account the ambiguity of the empirical value of the L [44]. Also, the equations of motion
for the meson mean fields are imposed:

m%r<(7>0 = gUNpﬁ\]‘PB:PO
me{wo)o = SwNPo (28)

where p}; (=p}, + 03,) is the nuclear scalar density. In Table 1, the relevant quantities associ-
ated with the (MRMF+UTBR+TNA) model are listed for three cases of L = (60, 65, 70) MeV.

Table 1. The parameters v,, 1, for TNA, the coupling constants, g,n, §wN. SN/ the meson mean
fields, ()0, (wo)o, and the effective mass ratio for the nucleon, (M3, /My )o, in the SNM at pg = po,
obtained in the (MRMF+UTBR+TNA) model in cases of L = 60, 65, and 70 MeV. The ¢—Y coupling
constants (Y=A, 7, E7) determined from the potential depths for Y in the SNM are also listed.

SIM2+TNA-L60
SIM2+TNA-L65
SIM2+TNA-L70

v (c)o  (wo)o
(MeV‘.zfm(S) (f1111’113) 8oN  SwN 8pN (MeV) (MeV) (MKT/MN ) 0 SoA 8oz— 8SoE-
—1662.63 1718 527 8.16 3.29 39.06 16.37 0.78 3.29 2.00 1.82
—1597.67 1825 571 9.07 3.35 4216 18.18 0.74 3.54 234 1.93
—1585.48 19.82 6.07 9.77 3.41 44.62 19.59 0.71 3.74 261 2.02

One can see from Table 1 that the slope L sensitively affects both ¢ and w mean field
values at the saturation density pj; these meson mean fields contribute to the binding
energy at pg by adjusting to the change in attractive energy contribution from the TNA due
to the change in the L. The change in these meson mean fields prevails at high densities
beyond pg and affects the stiffness of the EOS at high densities. See also Section 8. For the
choice of the L within the (MRMF+UTBR+TNA) model, we refer to Refs. [34,36].
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Both the TNR and TNA play important roles in locating the total energy minimum
at the empirical saturation point. Indeed, it is necessary to include both the TNR and the
TNA in the total energy E (total) in addition to the nuclear two-body interaction within
the MRMEF, in order to reproduce the empirical saturation property and incompressibility
(=240 MeV) for the SNM. The TNR (the TNA) pushes up (pulls down) the E (two-body)
curve for pg 2 po (0B < 00)-

5.2. Meson—Hyperon Coupling Constants

The meson-hyperon coupling constants are determined to obtain the hyperon-nucleon
and hyperon-hyperon interactions. The vector meson couplings for hyperons are related
to the vector meson-nucleon couplings gwn, §pN, §gn through the SU(6) symmetry rela-
tions [45]:

SwA = 8w =28wz- = (2/3)ng ’ (29a)
8on = 0,8pm- =28~ = 28N, (29b)
Son = oz = (1/2)8pz- = —(V2/3)gun - (29¢)

The scalar (0, 0*) meson-hyperon couplings are determined with the help of information
from the phenomenological analyses of recent hypernuclear experiments. The obtained
values of the o-Y coupling constants, gy, are listed for the cases of L = (60, 65, 70) MeV
in Table 1 in Section 5.1. The details of obtaining the g,y and the o*-Y coupling constants,
go+y, are addressed in Ref. [35].

6. Estimation of the kaon-Baryon Sigma Terms—Quark Contents in
the Baryon

Nonlinear Effect on the Quark Contents

In this section, we estimate the allowable value of the K-nucleon sigma term, gy
(N = p,n). Xgy is generally expressed as:

mu +ms Z;-[N Tﬁ
p = — 30
KN 21 <1 +zN + msas) (30a)
my + mg 1 1
= 2 Sy v[—+= b
21 ”N<1+ZN+2yN> (30b)

with 1t = (m,, + my) /2. In Equation (30a), Xy is the 7N sigma term,
YN = M(N|(iu +dd)|N), (31)

and o, (= ms(N|55|N)) is the the strangeness content in the nucleon. In Equation (30b), zy
and yy are defined by
2 = (N|dd|N) / (N|au|N), 32)

yn = 2(N|5s|N)/(N|(itu + dd)|N) . (33)
The former stands for the isospin asymmetry for the quark content in the nucleon, and the

latter implies breaking scale of the Okubo-Zweig-lizuka (OZI) rule. The KN sigma terms
are related to the following flavor nonsinglet contents as well:

oo = m(N|(iu+dd —25s5)|N) = LN — (21i1/ms)0s, (34a)
1M1

u
oy = nlpl(au —dd)|p) . (34b)
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In chiral perturbation theory, these contents are related to the mass difference between the

octet baryons:
N 3
op = —2ri(a; —2ap) =~ ) (Mg — Mp) ~25MeV, (35a)
S
1
= 2y~ ——— (Mg — Ms) ~ 35b
03 21aq e/ 1(M_ Msy) ~ 5 MeV (35b)

with the use of Equation (8). Recent lattice QCD results suggest small 55 contents in the
nucleon, i.e., yy = 2(N|3s|N)/(N|(itu + dd)|N) = 0.03-0.2 [46—48]. In particular, for o5 ~ 0,
one can see from Equations (34a) and (35a) that oy = X,n =~ 25 MeV. This value of X,y
is too small as compared with the phenomenological values (40-60) MeV [49,50], which
are deduced from the analyses of 71-N scattering and pionic atoms, or lattice QCD results
~40 MeV [50]. Thus, as far as the estimation of the quark contents in the nucleon is based
on chiral perturbation, small 5s contents in the nucleon are incompatible with the standard
value of the TN sigma term.

It has been shown that nonlinear effects beyond chiral perturbation can make both the
value of 2,y and the octet baryon mass splittings consistent with experiments with a small
strangeness content of the proton [50-52]. Here, we take into account the nonlinear effect
on the strangeness quark content, which originates from the additional universal rest mass
contribution of baryons, AM(m;), in a higher order with respect to ;.

The §q contents in the baryon b after correction from the nonlinear effect are obtained
from (b|gq|b)=0M,/9m,, with the baryon rest masses given by M;, = M, + AM(ms). The
result is:

(plaulp) = (n|dd|n) = =2(a1 +a3) ,
(pldd|p) = (n|auln) = —2a3,
(plsslp) = (n|ss|n) = —2(ax +a3) +A (36)

with A = dAM(ms)/dms, and

: 1
(Alaulp) = (Aldd|A) = —Z (a1 +a2) —2a3,
4

(Alss|A) = —g(al—i—az) —2a3+ A,
(T au|Z7) = —2(ay+az), (T |dd|Z) = —2(a; +a3),
(Z7|ss|27) = —2a3+A,
(E7au|E27) = —2(ap+a3),(E7|dd|E") = —2a3,
(E7|55|E7) —2(m +a3)+A. (37)

Then, the Kb sigma terms (9) are modified by the replacement: a3 — 43 = a3 — A/4. The
nonlinear effect A is absorbed into a3.
The “K-baryon sigma terms” X are given in terms of a; ~ a3, A, and m,,, m4, ms by

YXkn = —(112 + 2E3)(mu + mS) = ZKZ* ’ (38&)
5 5 ~

Txka = — (6a1 +gat 2a3> (my +ms), (38b)

Skp = —(a1+ax+2a3)(my +ms) = Lga- (38¢)

with 53 = a3z — A/4.
The parameters zy and yy are rewritten specifically as

as
Zpy = =1/z,, 39
. /zZn (39)
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B 2(ap +a3) — A _
N = S (N=p,n). (40)

Once X1y is given, a3 and z (z,,) are determined from Equations (31) and (39), respectively.
Then, Xy is obtained from Equation (30b) together with yy;, which is given as a function of
A through Equation (40). With the nonlinear effect A, oy is represented as 0y = —21f1(a; —
2a; + A). In Figure 1, the K-neutron sigma term X, as a function of yy is shown at a fixed
value of X considering uncertainty ranging from 35 MeV to 60 MeV. The vertical dotted
line shows boundaries of the allowable region for yy, taken from [46—48].

_ 600

> L

[}

=)

v

_Z 500}
400} 45 ]
00| ]

L /35

200- 1 1 1 1

0.0 0.1 0.2 0.3 0.4 0.5 0.6
IN

Figure 1. The K-neutron sigma term T, as a function of yy (= 2(N|5s|N)/(N|(iiu + dd)|N)) for
a given value of £, = (35-60) MeV. The current quark masses are set to (1, mg, m;) = (2.2, 4.7,
95) MeV. The vertical dotted line denotes the upper value of yy = 0.2 suggested by the lattice QCD
results, taken from [46—-48]. The right endpoint of each line corresponds to A = 0 (the case of chiral
perturbation). See the text for details.

The standard value for Xy has been taken to be ~ 45 MeV phenomenologically [49].
Recently, the higher values (50-60 MeV) were suggested from the phenomenological
analyses of 71-N scatterings [50]. In view of this, reading off from Figure 1, we take
two cases of Xk, = 300 MeV with yy = 0 and 400 MeV with yx = 0.2 as typical values for Xk,
throughout this paper. The corresponding quantities, Xy, A, and g, (b = p, A, Z7,E7)
together with a3, a3 are also determined for fixed values of (i, m,4, ms) and (a1, a2). The
results are listed in Table 2.

Table 2. The parameters a1, a3, a3, and a3 in the chiral symmetry breaking terms in the effective chiral
Lagrangian (1), and the quantities in terms of them for the current quark masses (1, mgy, m;) = (2.2,
4.7,95) MeV [38]: yy = 2(N|3s|N)/(N|(@tu + dd)|N), A being a shift of the strangeness content in
the nucleon from the value in the leading-order chiral perturbation, >,y the 77N sigma term, and
the “K-Baryon sigma terms” Xy, (b = p,n, A, X7, E7) adopted in this work. The K-neutron sigma
term, Xy, is set to be the two typical values 300 MeV and 400 MeV. The K~ optical potential Uk in
the SNM is listed for each value of Xg;,.

L N ~ Zin(=Zke-) Zkp(=Zkz-) ZIka Uk
(a1, a2) a3 (MeV) YN A a3 (MeV) (MeV) (MeV) (MeV)
(—0.697,1.37) —3.09 47.4 0 —343 -223 300 368 379 —111
~3.37 51.3 020 —251 —274 400 468 479  —131
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A scale of the s-wave K-N attraction is characterized by the K™ optical potential Uk
in the SNM, which is defined in terms of the K™ self-energy [Equation (43) in Section 7.1]
as Ux = Tlx(wk; pB)/ (2wk)|pg=p,- In Table 2, the Uk is listed for each case of Xg,. The
value of Uk has a sensitive dependence on Xk;, while it depends little on the slope L. Our
deduced value of the depth |Uk| (110 MeV-130 MeV) is larger than the theoretical values in
the chiral unitary approach [53], while it is similar to that of Refs. [54,55] (Ux ~ —120 MeV)
with the inclusion of short-range correlations. It can also be compared with the recent
optimal value of the real part of the K~ optical potential depth |Vp| = 80 MeV with the
imaginary part Wy = —40 MeV in the ]-PARC E05 experiment [56].

It is to be noted that the pion-baryon sigma terms [0}, = i (b|(iiu + dd)|b)] and
strangeness sigma terms [0 = m,(b|3s|b)] in the octet baryons (b) have been derived
from analyses of the lattice QCD simulations for the octet baryon masses [57,58]. For
comparison, we estimate &y, = (b (iiu 4 dd)|b) / My and Gy, = ms(b|3s|b) / M, with M,
being the empirical baryon mass. For X;ny=45 MeV and yn = 0.04, which are referred
to from [57], one obtains A = —2.82 (a3 = —2.91), Opg = (0.024, 0.017, 0.015, 0.012), and
0ps = (0.026, 0.179, 0.238, 0.316) for b = (N, Y (=A, £~, E7)). The relative ordering of 0y, 0ps
forb = (N,Y(= A, X7 ,E7)) estimated in our model agrees well with those in [57], while
there is a little difference in the absolute values for 0y;, 0y between our results and those
in Figure 2 in [57].

7. Onset of KC and Composition of Matter in the (Y+K) Phase

Here, we consider kaon properties in hyperon-mixed matter and obtain the onset
density of KC with our interaction model (ChL+MRMF+UTBR+TNA).

7.1. Onset Density of Kaon Condensation in Hyperon-Mixed Matter

The in-medium modification of kaon dynamics in dense matter is revealed by the
density dependence of the lowest kaon energy wi (pp). wk(pp) is given as a pole of the
kaon propagator at pg, i.e., Di ! (wk; pp) = 0. The kaon inverse propagator, D ! (wk; pg), is
obtained through the expansion of the effective energy density with respect to the classical
kaon field,

2
Eut(6) = Ea(0) — LD (i pw)e? + 0(6%), @)

where & = & + ppg + vpp with the baryon chemical potential v. With the use
of Equations (15), (16), (24), and (25), and by setting ux — wg, 6 — 0, one obtains
the following:

Dy (wk; pp) = wk — mk — g (wi; ps) (42)

where Ig (wg; pp) is the kaon self-energy:

1
Ik (wk; pB) = R Y. (PZZKb + wKPbQ?/) . (43)
b=pn,AX" E~

From Equations (42) and (43), the wk is given explicitly as:

1/2
wi = —Xo + (xg T m}?) ) (44)

where X, and m}? are given by Equations (5) and (21), respectively. The wi (pp) decreases
with an increase in pg due to the K-B scalar and vector attraction, while the kaon chemical
potential yug, which is equal to the charge chemical potential y in f-equilibrated matter
[Equation (27)], increases with density. At a certain density, wg (pp) intersects with y, where
the condensed kaons spontaneously appear in the ground state through the weak reaction
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processes,n+N — p+ N+ K™, — K~ +v; (I = e~ ,u~), and strong reaction processes,
A= p+K ,E7 = A+K7, -, in the presence of hyperons. Thus, the onset density
p5(K™) for the s-wave kaon condensation is given by [9]:

wi(pB(K™)) = p (45)

as a continuous phase transition. The relaxation processes toward the equilibrated matter
with KC are governed by the weak processes [59,60].

In Figure 2, the lowest K™ energy wy as a function of pg is shown for (a) X, = 300 MeV
and (b) Xk, =400 MeV in the case of L = 65 MeV. The charge chemical potential y is also
shown as a function of pg by the red dashed line. The filled triangle denotes the onset
density of A hyperon mixing, pf(A), at which hyperon (A) mixing starts in the normal
neutron-star matter (nucleon matter). The filled circle denotes the pf (K™ ), at which KC is
realized from hyperon (A and/or &~ )-mixed matter.

(a) L=65MeV  Xkn=300MeV (b) L =65MeV  Eg;=400MeV

500

w00 7

0.

: i

A
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4001
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3001
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100 -

0 /
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05 10 0.0 ,30 0.5 1.0
pg(fm=3) Pg (fm=3)

Figure 2. (a) The lowest K~ energy wg, the effective mass of the K~ meson mj} defined by
Equation (21), and the Xy [Equation (5)] as a function of the baryon number density pp for
Ykn =300 MeV in the case of L = 65 MeV. The pg-dependence of the charge chemical potential
# (e = py if muons are present) is also shown by the red dashed line. The filled triangle (filled
circle) denotes the onset density of A hyperon mixing, o§(A) (the onset density of KC, p§ (K™)). wk
is equal to the charge chemical potential y in the (Y+K) phase for pg > pf;(K™). For a comparison,
the density dependence of my and Xy in pure hyperon-mixed matter, where 6 is set to be zero, is also
shown by the green lines. (b) The same as (a), but for Lg,, = 400 MeV. The filled triangle corresponds
to the same onset density of A as in (a). See the text for details.

The onset density of KC is read as p§ (K~) = (0.60-0.73) fm~3 [(3.7-4.6) po] for
Tkn =300 MeV and p§ (K~) = (0.49-0.52) fm 3 [(3.0-3.3) po] for Tk, = 400 MeV, within the
range of the slope L = (60-70) MeV. For Xk, = 400 MeV, wk is smaller at a given density
than in the case of g, = 300 MeV due to the stronger s-wave K-B scalar attraction, so that
pf (K™) for Xk, = 400 MeV is lower than in the case of g, = 300 MeV. In Table 3, the onset
densities pf(A) and pf(K™) in the (ChL+MRMF+ UTBR+TNA) model for L, = 300 MeV
and 400 MeV in the case of L = (60, 65, 70) MeV are listed. For all of the cases of L and X,
the onset of A mixing always precedes the onset of KC.
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Table 3. The onset densities at which hyperon mixing starts and those of KC in the (ChL+MRMF+
UTBR+TNA) model for Yk, =300 MeV and 400 MeV in the case of L = 60, 65, and 70 MeV. p§(A)
is the onset density of A hyperons in the normal neutron-star matter, p; (£~ in A) is one of the &~
hyperons in the A-mixed matter, of, (K™) is one of the KC in the hyperon (A and/or &~ )-mixed

matter, and pf (2~ in K~ A) is one of the 2~ hyperons in the KC phase in the A-mixed matter.

L T ) PRE A pR(K)  ph(E inK A)
(MeV) (MeV) (fm—3) (fm—3) (fm—3) (fm~3)
60 300 0.466 - 0.598 1.04
400 0.466 — 0.486 0.994
65 300 0.425 0.568 0.653 —
400 0.425 — 0.503 0.900
70 300 0.397 0.516 0.733 —
400 0.397 (0.516) 0.523 0.790

In Ref. [30], the modification of kaon properties in nucleonic and hyperon-mixed
matter in neutron stars is investigated in the chiral SU(3) mean field model. The kaon
self-energy includes the K—scalar-field interaction, K-vector-field interaction, and the range
terms, corresponding to the case of our model interaction specified within chiral symmetry.
The results on the density-dependence of the lowest kaon energy around and beyond the
nuclear saturation density and the onset density of KC are also quantitatively similar to
our case. On the other hand, the K-K nonlinear self-interaction is naturally incorporated in
our model as a consequence of the nonlinear representation of the K-field in the effective
chiral Lagrangian. This nonlinear K-K interaction may bring about any different aspect for
the EOS beyond the onset density of KC.

7.2. Interplay Between Kaons and Baryons Before and After the Onset of KC

Together with wg, the density-dependence of Xy [Equation (5)] and that of the “ef-
fective mass” my of the K~ meson [Equation (21)] are shown in Figure 2. For reference,
the particle fractions p, /pp before and after the onset of KC are shown as functions of pg

in Figure 3.
(a) L=65MeV  ZIk,=300MeV (b) L=65MeV  Zg,=400MeV
T T 1.0 T T
total strangeness
- total strangeness m fraction
QU n fraction Q
-~ ~
S 3
Q A Y
0.5F . 0.5F
p
K= 1 -_ —__
0.0 £ Tuoy = 0.0 === : =
0.0 0.5 1.0 0.0 0.5 1.0
Pe(fm=3) Pe(fm=3)

Figure 3. (a) The particle fractions in the (Y+K) phase as functions of the baryon number density pp
for Xy, = 300 MeV in the case of L = 65 MeV. The total strangeness fraction is given by (px- + pa +
2pz-)/pg- (b) The same as (a) but for X,, = 400 MeV.
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As seen in Figure 3 and Table 3, the A mixing starts at a lower density than that of KC
or &~ hyperons. Subsequently, the fraction of A hyperons monotonically increases with
density even after KC or &~ hyperons appear. Due to the appearance of A hyperons, the
nucleon (neutron and proton) fractions (and thus nucleon scalar densities) are suppressed
as a result of baryon number conservation. In pure hyperon-mixed matter, the decrease
in the nucleon fractions leads to the suppression of the increase in K-N attractive vector
interaction simulated by Xg [ (pp + pn/2 — ps-/2 — pz-) /(2f?) in Equation (5)]. The
appearance of the =~ hyperons also tends to work repulsively for the K-Z~ vector interac-
tion, but the effect is negligible since pz- is tiny, even if the &~ hyperons are mixed in the
range p5(A) S o S pf(K™). On the other hand, m} reduces rapidly with density beyond
the onset of A mixing, due to the fact that the increase in A scalar density overcomes the
decrease in nucleon scalar densities and that the KA sigma term is larger than the KN ones.

Once KC appears, the KC and Z~ hyperons compete against each other through the
repulsive K-E~ vector interaction term in X, and the E~ fraction becomes small. This
competitive relation can also be seen from the interaction part of the K~ number density
px- [Equation (25)]. As a result, the X is slightly enhanced in comparison with the case of
pure hyperon-mixed matter. On the other hand, the reduction in m} becomes moderate
as compared with the case of pure hyperon-mixed matter, as seen in Figure 2. Indeed, the
s-wave K-B scalar attraction is diminished according to the reduction in the total baryon
scalar density in the presence of KC, since a part of the strangeness is taken over by KC.

It is to be noted that the >~ hyperons are not mixed over the relevant densities due to
the strong repulsion of Vé\], in our model.

The development of KC with an increase in the baryon density leads to an enhance-
ment of the proton fraction so that the positive charge carried by protons compensates
for the negative charge by KC, keeping charge neutrality. On the other hand, the lepton
(e™, ™) fractions are suppressed after the appearance of KC as well as A hyperons, since
the negative charge carried by leptons is replaced by that of KC, avoiding the cost of the
degenerate energy of leptons. The (Y+K) phase becomes almost lepton-less at high densities
(see Figure 3). As a consequence, the charge chemical potential y [=(377%0,)'/? ] decreases
steadily as the density increases after the onset of KC and has a value with y < O(m) (see
Figure 2). These features concerning proton and lepton fractions and the charge chemical
potential are characteristic of the hadron phase in the presence of KC. The total strangeness
is carried mainly by A hyperons and KC in the (Y+K) phase with a minor fraction of &~
hyperons at high densities.

8. EOS and Structure of Neutron Stars with the (Y+K) Phase

In this section, we first summarize the results on the stiffness of the EOS with the
(Y+K) phase. The energy contribution from the UTBR per baryon, £ (UTBR)/pg, which is
roughly proportional to pg?, has a sizable contribution to the total energy and results in the
stiffening of the EOS at high densities. The E (two-body) [= £p am/pg] also brings about
repulsive energy as large as E (UTBR) until the onset of KC. Beyond the onset density of
KC, the E (two-body) turns to decrease with density due to the attraction from the s-wave
K-B interaction for both cases of X, until it increases again at higher density. On the
other hand, the E (KC) [= £k /pp], composed of kinetic and mass terms of KC, increases
with baryon density. The sum of E (two-body) and E (KC) results in positive energy, which
increases with baryon density and works to stiffen the EOS as much as E (UTBR). See
Ref. [36] for more details.

Second, we discuss the effects of KC on the static properties of compact stars such as
the gravitational mass M-radius R relations. They are obtained by solving the Tolman-—
Oppenheimer—Volkoff equation with the EOS including the (Y+K) phase. For the low-
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density region pg < 0.10 fm~3, which is below the density of uniform matter, we utilize the
EOS of Ref. [61] and combine it with the EOS obtained in our model for pg > 0.10 fm 3.

In Table 4, some critical gravitational masses and their radii are summarized for X,
=300 MeV and 400 MeV in the case of L = (60, 65, 70) MeV. M°(A) and R°(A) [M°(K™)
and R°(K™)] are the mass and radius of the neutron star, where the central density attains
the onset density of the A-hyperons, pf;(A) [the onset density of KC, pf(K™)]. Mmax and
R(Mmax) are the maximum mass of the neutron star and its radius.

Table 4. Some critical gravitational masses in the unit of the solar mass Mg and their radii of
neutron stars for Xg,, = 300 MeV and 400 MeV in the case of L = (60, 65, 70) MeV, obtained with the
(ChL+MRMF+UTBR+TNA) model. The M¢(A) and R°(A) [M®(K~) and R°(K~)] are the mass and
radius of the neutron star, where the central density reaches the onset density of the A-hyperons,
P (A) [the onset density of KC, pf (K™ )]. Mmax and R(Mmax) are the maximum mass of the neutron
star and its radius.

(MiV) (hﬁlgz) ME(A)IMe R(Ck(rﬁ)) ME(K™)/Me R(lﬁﬁ; : MnardMe ((Z;f;?)
60 200 L8 2B ln L ren o
65 200 158 17 1 e som 10
70 200 12 1B Tol e 21 11oe

The mass of the neutron star where the central density reaches the onset density pf (K™)
is (1.74-2.14) M, for L = (60-70) MeV in the case of Xk, = 300 MeV, and (1.45-1.92) M, for
L = (60-70) MeV in the case of X, = 400 MeV.

Observationally, neutron stars as large as 2 M, (Mg being the solar mass) have been
detected [62-66]. Both the mass and radius have been detected from X-ray observation by
the Neutron star Interior Composition ExploreR (NICER): for the pulsar PSR J0740+6620
with Mgps. = 2.08Mea, Rops, = (12.35 £ 0.75) km [67] and Myps. = (2.0720067) M, Rops.
= (12.397339) km [68], and for PSR J0030+0451 with Myps = (1.347012)Mo, Rops =
(12.71%}19) km [69], and Mgps = (1.44101)Me, Rops = (13.021]32) km [70]. The curves
of M-R relations based on our EOS in the case of L = (65, 70) MeV pass through the
above constrained regions. In particular, the maximum masses with the (Y+K) phase
in the core are consistent with recent observations of massive neutron stars in both the
cases of Lk, =300 MeV and 400 MeV for L =(65, 70) MeV. However, the masses within the
causal limit for X, = 400 MeV and L = 60 MeV do not reach the range allowable from the
observations of most massive neutron stars. In our model, the larger values of the slope
L 2 60 MeV are preferred in order to obtain observed massive neutron stars [36].

9. Quark Condensates in the (Y+K) Phase and Relevance to
Chiral Restoration

Following the preceding results on the properties of the (Y+K) phase, we discuss the
effects of the (Y+K) phase on chiral restoration in dense matter by obtaining the quark
condensates in the (Y+K) phase within the mean field approximation. The quark condensate
in KC (for g = u,d, s) is expressed as:

(@9)xc = (KCl|gq[KC)
(KC|d#H /dmy|KC) , (46)
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where |KC) is the kaon-condensed eigenstate of the total Hamiltonian H (= Z maqq +
q=u,d,s

-+ -) with the eigenvalue of the ground state energy density &, i.e., A IKC) = & |[KC),

and (KC|KC) = 1. With the Feynman-Hellmann theorem [39], one obtains

({@n)xc = d(KC|H|KC)/dmy
= dEg/dm, . (47)

Throughout this paper, & . is approximated to gy =~ & + A& + £, where & is the
vacuum energy, A& is the energy shift due to vacuum polarization in the presence of
baryonic matter, and £ [Equation (19)] is the energy density of the (Y+K) phase in the mean
field approximation. In the following, we further neglect A&). Then, the quark condensate
associated with the charged kaon condensation reads as follows:

(iu+ss)ke = Y, d(&+E&)/dmy

q=u,s

= (au+5s)o+ Y d€/dmy, (48)

q=u,s

where the first term in the second line on the r. h. s. is the quark condensate in the vacuum,
and the second term is the contribution from the total energy density £ [Equation (19)]. The
latter is further separated into the one from the kaon mass term [Equation (15)] and the one
from the baryonic energy Equation (16): Y d€/dmgy = Y d€x/dmy+ Y dEpai/dmy.

q=u,s q=u,s q=u,;s
With the use of the kaon rest mass [Equation (4)], one obtains the following:

2 2,2
Y dEx/dmg = f*(1—cosf) Y. dmi/dmy = ﬂ(l —cosf) . (49)
q=u,s q=u,s my + Mg

With the use of Equation (16), the contribution from &g s is given as:

Y depu/dmg = Y Y03 (M5 /omy) + Y (modc/my + m.o*d0" famy ) , (50)
q=us p

q=u,s q=1,s
where the factor 8]\71;7‘ / qu is written with the use of Equation (12) as:
OM;; /omg = (Gq)p — (0%kp/Img) (1 — cos0) — (8,400 /dmy + grpdc™ /dmg) . (51)

Substitution of Equation (51) into Equation (50) leads to

Y d€gpm/dmg= Y ng{<qq>b— (asz/amq)(l—cose)}, (52)

q=u,s q=u,s b

where each term proportional to do/dm, and do™ /dm, is shown to vanish separately with
the help of the equations of motion for the ¢ mean field [Equation (23a)] and ¢* mean field
[Equation (23b)], respectively. Noting that

_ 2%kp
@) =), 0Zgp/0mg = —""—, (53)
one can write Equation (52) simply as:
2cosf
dfpp/dmy = ———— BLKD - 54
q:Zu,s s/ dimg = ;Pb Kb (54)
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From Equations (49) and (54), one obtains the following:

222
Y de /dm, — LK

m*Z
A R b B Y (55)
q=u,s nmy + ms mK

with the use of Equation (21) for m}*f.
The vacuum condensate (iiu + 3s)g is related to the meson decay constant f by the
Gell-Mann—Oakes—Renner (GOR) relation:

2f 2m%<
iU +3s)g = ————— . 56
(itu 4 55)0 p— (56)
Substituting Equations (55) and (56) into Equation (48), one finally obtains
P = *2
(u_u + sf>1<c _ (MK st 57
(iiu + 5s)g m%

Thus, the density-dependence of the quark condensate is determined by the s-wave K-B
scalar interaction simulated by the Kb sigma terms X g}, within the mean field approximation.
In Figure 4, the ratio of the quark condensate in the (Y+K) phase to the vacuum quark
condensate, (7iu + 5s)gc/ (fiu + 5s), is shown as a function of the baryon number density
pp for L = 65 MeV with X, = 300 MeV for (a) and Xk, = 400 MeV for (b).

1.0

(a) L =65MeV Y kn= 300 MeV 10 (b) L = 65 MeV ¥ kn = 400 MeV
nucleon matter nucleon matter
+
> A A

| (@u + §s)kc

—~>KC

\
(x]
I

( ) —~> KC .
au + 3s)g (au + 3s)
N L KC i
05f \ — 05 ot 5se \
(Y+K) phase \\
l phase
/ i
Y-mixed matter Y-mixed matter ~_
) g e 0.0 :
8.0 Do 0.5 1.0 00 | 05 1.0
0
Pe(fm=3) Pe(fm=3)

Figure 4. (a) The ratio of the quark condensate in the (Y+K) phase to the vacuum quark condensate,
(fiu + ) / (iiu + 5s), as a function of pp for L = 65 MeV and Z;, = 300 MeV is shown by the black
line. For comparison, the one in pure hyperon-mixed matter without KC by setting 6 = 0 is shown by
the green line and the one for nucleon matter, i.e., pure neutron-star matter without hyperon mixing
and KC, is shown by the red line. (b) The same as (a) but for X, = 400 MeV.

One can see that the appearance of hyperons leads to a larger decrease in the conden-
sate as density increases in comparison with the case of non-strangeness matter (nucleon
matter). In the presence of KC, the decrease in the quark condensate is also enhanced in
comparison with the case of nucleon matter by the reduction factor cos 6 in Equation (57),
while the decrease is moderated in comparison with the case of pure hyperon-mixed matter,
since the s-wave K-B scalar attractive interaction is weakened as a result of the compet-
ing effect between hyperons and KC. The decrease in the quark condensate is larger for
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Ygn =400 MeV than for Xk, = 300 MeV. Thus, it may be concluded that the appearance of
strangeness in the form of hyperon mixing and KC in dense matter assists in the restoration
of chiral symmetry.

It is to be noted that a contribution from particle-hole correlations by baryons and
mesons beyond the mean field approximation is not taken into account in the present
form of the §gq condensates, Equation (57), nor the vacuum polarization effect on the ggq
condensates, d(A&y) /dm,, through the modification of the Dirac sea in the presence of the
Fermi sea. These effects should be taken into account for future study.

10. Summary and Outlook

We have overviewed the properties of the coexistent phase of kaon condensates and
hyperons [(Y+K) phase] by the use of the interaction model based on the effective chiral La-
grangian (ChL) for K-B and K-K interactions combined with the minimal relativistic mean
field theory (MRMF) for two-body baryon interaction, taking into account the universal
three-baryon repulsion (UTBR) and the phenomenological three-nucleon attraction (TNA),
referring to the results in Ref. [34,36]. The interplay between KC and hyperons and the
resulting onset mechanisms of KC in hyperon-mixed matter and the EOS with the (Y+K)
phase have been clarified within the (ChL+MRMF+UTBR+TNA) model. The EOS and the
resulting mass and radius of compact stars within a hadronic picture accompanying the
(Y+K) phase are consistent with recent observations of massive neutron stars.

We have figured out the close relations between the s-wave KC in the (Y+K) phase
and the quark (§q) condensates in the context of chiral symmetry and its spontaneous and
explicit breaking. One is the estimation of the quark contents inside the baryon, which is
connected to the Kb sigma term as one of the driving forces for the s-wave KC. By taking
into account the nonlinear effect with respect to the strangeness quark mass beyond the
chiral perturbation, we have obtained the allowable range of the Kn sigma term, for a given
7N sigma term, which is suggested from phenomenological analyses of the 77-N scattering
experiments, and the small 5s strangeness content in the nucleon, which is suggested from
the recent lattice QCD results. As a result, the values of Xg,, = (300-400) MeV have been
adopted as reasonable values in the paper.

Second, we have obtained the g condensates in the (Y+K) phase in the mean field
approximation. It has been shown that both the appearance of strangeness in the form of
hyperon mixing and KC in dense matter assists the restoration of chiral symmetry.

As an outlook with regard to the realistic EOS including various aspects of MC over
the whole densities, it is suggested from heavy-ion collision experiments that the EOS in
the SNM or in pure neutron matter may be softer for pg (2-4.5) po [71]. Pion condensation
(PC), which may be realized at rather low densities pg 2 209, may have a role as a softening
mechanisms of the EOS at the relevant densities [11]. A possible coexistence of PC and
KC (71-K condensation) may be a realistic form of hadronic phase for keeping from the
assumption of the UTBR. In the ground state of the 77-K condensed phase in neutron-star
matter, the energy eigenstates for baryons are given by quasi-baryonic states with the
superposition of neutron and proton states under the p-wave charged pion condensates.
In such a case, the ground state is occupied solely by the lower-energy eigenstates of the
quasi-baryons as a result of the level repulsion, forming the one-Fermi sea, which may help
resolve the assumption of the universal strengths between different species of baryons for
the UTBR.

On the other hand, there have been extensive studies on MC in quark matter [72]:
PC in the Nambu-Jona—-Lasinio (NJL) model [73], PC in the NJL model with chiral
imbalance [74,75], PC and KC in chiral perturbation theory [76,77], KC in the Ginzburg-
Landau model with axial anomaly [78], etc. Recently, hadron—quark crossover has been
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proposed to obtain massive compact stars compatible with observations [79-83]. In this
context, the connection of hadronic matter including the (Y+K) phase to quark matter at
high densities may be possible. Specifically, there may be similarity and difference between
the alternating layer spin (ALS) structure accompanying 7 condensation in hadronic
matter [6] and a dual chiral density wave (DCDW) in quark matter [84,85]. It is also an
open problem how the (Y+K) phase is connected to KC in the color—flavor-locked (CFL)
phase [86-88]. Toward a unified understanding of meson condensation in both the hadronic
phase and quark phase, tje correspondence between chiral dynamics in both phases should
be clarified on the assumption that there remain various hadronic excitation modes even in
quark matter. For example, the following issues may be left as a future elucidation whether
there are relevant meson—quark interactions for MC in quark matter, corresponding to
the s-wave K-B scalar and vector interactions as the driving force of the s-wave KC, and
those corresponding to the p-wave 7N interaction as the driving force of the p-wave PC
in hadronic matter. Multi-quark interaction may be responsible for stiffening the EOS of
MC in quark matter. Such a repulsion might correspond to the UTBR, which is introduced
phenomenologically in order to solve the significant softening problem stemming from the
appearance of KC and hyperon mixing in hadronic matter.
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