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Interplay between kaon condensation and hyperons in highly dense matter
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The possible coexistence and/or competition of kaon condensation with hyperons are investigated in hyperonic
matter, where hyperons are mixed in the ground state of neutron-star matter. The formulation is based on the
effective chiral Lagrangian for the kaon-baryon interaction and the nonrelativistic baryon-baryon interaction
model. First, the onset condition of the s-wave kaon condensation realized from hyperonic matter is reexamined.
It is shown that the usual assumption of the continuous phase transition is not always kept valid in the presence
of the negatively charged hyperons (X£7). Second, the equation of state (EOS) of the kaon-condensed phase in
hyperonic matter is discussed. In the case of the stronger kaon-baryon attractive interaction, it is shown that a
local energy minimum with respect to the baryon number density appears as a result of considerable softening of
the EOS due to both kaon condensation and hyperon mixing and recovering of the stiffness of the EOS at very
high densities. This result implies a possible existence of self-bound objects with kaon condensates on any scale

from an atomic nucleus to a neutron star.
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I. INTRODUCTION

It has long been suggested that antikaon (K ~) condensation
should be realized in high-density hadronic matter [1-7].! It
is characterized as a macroscopic appearance of strangeness
in a strongly interacting kaon-baryon system, where chiral
symmetry and its spontaneous breaking have key roles. If
kaon condensation exists in neutron stars, it softens the
hadronic equation of state (EOS), having an influence on the
bulk structure of neutron stars such as mass-radius relations
[5-8]. Effects of the phase-equilibrium condition associated
with the first-order phase transition on the inner structure of
neutron stars have also been elucidated [9-14]. With regard
to the dynamical evolution of newly born neutron stars, the
delayed collapse of protoneutron stars accompanying a phase
transition to the kaon-condensed phase has been discussed
[15-18]. The existence of kaon condensation is important
in the thermal evolution of neutron stars, since the neutrino
emission processes are largely enhanced in the presence of
kaon condensates [19-22].

In the kaon-condensed phase in neutron stars, the net
(negative) strangeness becomes abundant as a consequence of
the chemical equilibrium for the weak interaction processes,
n <= pK~ ande” = K™v,. At threshold, the onset condition
for kaon condensation has been given as’

w(pp) = 1, ey

where w(pp) is the lowest K~ energy obtained at the baryon
number density pp as the zero point of the K~ inverse
propagator D,}l(a); pp) =0, and p is the charge chemical
potential which is equal to both the antikaon chemical potential
ug and electron chemical potential p, under the chemical
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"'We consider antikaon (K ~) condensation, while we conventionally
call it “kaon condensation.”

2Throughout this paper, the units i = ¢ = 1 are used.
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equilibrium condition for the weak processes [23,24]. This
onset condition (1) is based on the assumption of continuous
phase transition: kaon condensation sets in with zero am-
plitude at a critical density, above which kaon condensates
develop smoothly with increase in baryon number density pp.
It has been shown that the onset condition (1) holds true even if
hyperon (Y') particle-nucleon (N) hole excitation through the
p-wave kaon-baryon interaction is taken into account [25,26]
in the ordinary neutron-star matter where only nucleons and
leptons are in B equilibrium.

Concerning another hadronic phase including strangeness,
hyperons (A, ¥7, E7,...) as well as nucleons and leptons
have been expected to be mixed in the ground state of neutron-
star matter [27-38]. We call the hyperon-mixed neutron-star
matter hyperonic matter throughout this paper. With regard
to coexistence or competition of kaon condensation with
hyperons in neutron stars, it has been pointed out that the onset
density of the s-wave kaon condensation subject to condition
(1) in hyperonic matter is shifted to a higher density than in the
case of the ordinary neutron-star matter [7,28,29]: in hyperonic
matter, some of the electrons carrying the negative charge are
replaced by the negatively charged hyperons, so the charge
chemical potential p [= u, = 372p,)"/?] is diminished as
compared with that of neutron-star matter without hyperons.
As a result, the lowest K~ energy w(pp) meets the charge
chemical potential u at a higher density. Subsequently, several
works on the onset density and the EOS for the kaon-condensed
phase in hyperonic matter have been elaborated with the
relativistic mean-field theory [39,40] or with the quark-
meson coupling models [41,42]. Recently the in-medium kaon
dynamics and mechanisms of kaon condensation stemming
from the s- and p-wave kaon-baryon interactions in hyperonic
matter have been investigated [43,44].

It is emphasized here that most of the results on the onset
mechanisms of kaon condensation in hyperonic matter rely
on the same assumption as that used in the case of the usual
neutron-star matter in which hyperons are not mixed, i.e., the
assumption of the continuous phase transition with the help of
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Eq. (1). In this paper, we reexamine the onset condition of kaon
condensation realized from hyperonic matter. We consider
the s-wave kaon condensation and incorporate the kaon-
baryon interaction within the effective chiral Lagrangian. The
nonrelativistic effective baryon-baryon interaction is taken into
account, and the parameters are determined so as to reproduce
the nuclear saturation properties and baryon potential depths
deduced from the recent hypernuclear experiments [45]. We
demonstrate that the assumption of continuous phase transition
cannot always be applied to the case in which the negatively
charged hyperons (¥7) are already present in the ground state
of hyperonic matter, as a result of competition between the
negatively charged kaons and hyperons. It will be shown that
in the vicinity of the baryon density a little lower than that
at which Eq. (1) is satisfied, another energy solution already
exists for which kaons are condensed without mixing of the ¥~
hyperons, in addition to the usual energy solution correspond-
ing to the noncondensed state with ¥~ mixing. In particular,
in the case of the stronger kaon-baryon attractive interaction,
there is a discontinuous transition between these two states in
a small density interval. Thus, from a theoretical viewpoint,
one ought to be careful about the previous results concerning
coexistence and/or competition of kaon condensates and X~
hyperons based on the continuous phase transition, although
quantitative effects resulting from the discontinuous phase
transition are small.?

The interplay between K~ condensates and X~ hyperons
can also be revealed in the EOS and characteristic features
of the fully developed kaon-condensed phase such as the
density dependence of particle fractions. In the case of the
stronger kaon-baryon attractive interaction, we will see that
a local energy minimum appears with respect to the baryon
number density (a density isomer state) as a consequence
of considerable softening of the EOS due to both kaon
condensation and hyperon mixing and recovering of the
stiffness of the EOS at very high densities due to the increase
in the repulsive interaction between baryons.

The paper is organized as follows. In Sec. II, the formulation
to obtain the effective energy density of the kaon-condensed
phase in hyperonic matter is presented. In Sec. III, numerical
results for the composition of the noncondensed phase of
hyperonic matter are given for the sake of the subsequent
discussions. Section IV is devoted to the discussion of the
validity of the continuous phase transition. The results for the
EOS of the kaon-condensed phase are given in Sec. V. In
Sec. VI, summary and concluding remarks are addressed. In
the Appendix, we remark that the two sets of parameters used
in this paper for the baryon-baryon interaction models give
different behaviors for the onset of A and X~ hyperons in
ordinary neutron-star matter.

3Our discussion is concentrated on obtaining the energy solutions
in the presence of hyperons under the constraints relevant to neutron
stars. We do not discuss here the prescription of the Gibbs condition
for the phase equilibrium associated with a first-order phase transition
[9—-14]. This issue will be reported elsewhere [46]. A first-order phase
transition to the K~ -condensed phase has also been discussed in
another context in Refs. [26,44].
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II. FORMULATION

A. Outline of the kaon-condensed matter

To simplify and clarify the discussion about the interrela-
tions between kaon condensation and hyperons, we consider
the s-wave kaon condensation by putting the kaon momentum
k| =0, and we also take into account only the proton
(p), A, neutron (n), and X~ of the octet baryons and
the ultrarelativistic electrons for kaon-condensed hyperonic
matter in neutron stars.*

Within chiral symmetry, the classical kaon field as an order
parameter of the s-wave kaon condensation is chosen to be a
spatially uniform type:

(K™) = iOe_i“K', @)

where 6 is the chiral angle as an amplitude of condensation,
and f (~ f; = 93 MeV) is the meson decay constant.

We impose the charge neutrality condition and baryon num-
ber conservation, and we construct the effective Hamiltonian
density by introducing the charge chemical potential © and
the baryon number chemical potential v, respectively, as the
Lagrange multipliers corresponding to these two conditions.
The resulting effective energy density is then written in the
form

Eeit = € + w(pp — pz- — Pk- — Pe)
+v(op + pa + on + px-), (3)

where £ is the total energy density of the kaon-condensed
phase, and p; (i = p, A,n, ¥~, K~, e”) are the number den-
sities of the particles i. Note that the number density of the
kaon condensates pg- consists of the free kaon part and the
kaon-baryon interaction part of the vector type [see Eq. (18)].
From the extremum conditions for & with respect to the
variation of p;, one obtains the relations

MK = Me = Un — Up = Az~ — dn = [, (4a)
UA = n = —V, (4b)

where u; (i = p, A,n, X7, K~,e”) are the chemical po-
tentials, which are given by u; = 0€/9p;. Equations (4a)
and (4b) imply that the system is in chemical equilib-
rium for the weak interaction processes, n = pK ,n =
pe (Ve),ne” = X7 (v.), and n = A(v,V,).

B. Kaon-baryon interaction

We base our study of the kaon-baryon interaction on chiral
symmetry and start with the effective chiral SU(3); x SU(3)g

“Note that the other hyperons may also appear over the relevant
densities in neutron stars. In particular, the = hyperons may begin
to be mixed at a lower density than the ¥~ hyperons in the case
of the repulsive potential for the ¥~ in nuclear matter [28,29,36,43].
In this paper, we just neglect the E~ for simplicity and consider only
the ¥~ as a negatively charged hyperon.
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Lagrangian [1].° Then the relevant Lagrangian density, leading
to the total energy density £, consists of the following parts:

L=1fTra"219, % + 1 f2Asp(TrtM(Z — 1) + h.c.)
+TrW(i B — Mp)V + TrWiy"[V,, V]
+a\ TrUV(EME +he)V + a TrVW(EME +he)
+a3(TtM 2 + h.c)Tro W, )
where the first and second terms on the right-hand side of
Eq. (5) are the kinetic and mass terms of mesons, respectively.
Y is the nonlinear meson field defined by ¥ = ¢*// where
= Za=1~8 n,T, with , being the octet meson fields and

T, being the SU(3) generators. Since only charged kaon
condensation is considered, the IT is simply written as

L (0 0K*
n=—1|o o ol. )
V2\k-0 o

In the second term on the right-hand side of Eq. (5), A, s is
the chiral symmetry breaking scale, ~1 GeV, and M is the
mass matrix given by M = diag(m,, my4, my) with the quark
masses m;. The third term in Eq. (5) denotes the free baryon
part, where W is the octet baryon field including only the
p, A, n, and ¥7; and Mp is the baryon mass generated as
a consequence of spontaneous chiral symmetry breaking. The
fourth termin Eq. (5) gives the s-wave kaon-baryon interaction
of the vector type corresponding to the Tomozawa-Weinberg
term with V,, being the mesonic vector current defined by
V, =1/2(679,& + £9,£") withe = £1/2. The last three terms
in Eq. (5) give the s-wave meson-baryon interaction of the
scalar type, which explicitly breaks chiral symmetry.®

The quark masses m; are chosen to be m, =6 MeV,
myg = 12 MeV, and m,; = 240 MeV. Together with these
values, the parameters a; and a; are fixed tobe a; = —0.28 and
ap = 0.56 so as to reproduce the empirical octet baryon mass
splittings [1]. The parameter a3 is related to the kaon-nucleon
(KN) sigma terms simulating the s-wave KN attraction of
the scalar type through the expressions Xk, = —(a; + a, +
2a3)(m, + my), X, = —(ar + 2a3)(m, + my), evaluated at
the on-shell Cheng-Dashen point for the effective chiral
Lagrangian (5). Recent lattice calculations suggest the value of
the KN sigma term gy = 300400 MeV [48]. We take the
value of a3 = —0.9, leading to X, = 305 MeV, as a standard
value. For comparison, we also take another value az; = —0.7,
which leads to Xk, = 207 MeV. The K~ optical potential in
symmetric nuclear matter, Vop(0p), is estimated as a scale of
the K ~-nucleon attractive interaction. It is defined by

Vopi(pp) = g~ (@(pp), pp)/2w(pp), @)

where ITg-(w(pp), pp) is the K~ self-energy at given pp
with p, = p, = pp/2. For a3 = —0.9(a3 = —0.7), Vop(00)

SExcept for setting |k| = 0, the basic formulation presented here
is the same as that in Ref. [43], where both s-wave and p-wave
kaon-baryon interactions are incorporated.

5The same types of scalar and vector interactions are derived in the
quark-meson coupling model [47].
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is estimated to be —115 MeV (—95 MeV) at the nuclear
saturation density po(=0.16 fm ™).

To be consistent with the on-shell s-wave K (K)-N scatter-
ing lengths, we have to take into account the range terms
proportional to w? coming from the higher-order terms in
chiral expansion and a pole contribution from the A(1405).
Nevertheless, these contributions to the energy density become
negligible in high-density matter as far as K~ condensation
is concerned [4,5]. Therefore, we omit these correction terms
throughout this paper and consider the simplified expression
for the energy density of the kaon-condensed phase.

C. Effective energy density

The total effective energy density & is separated into
baryon, meson, and lepton parts as Eer = EE + EM + E5.
The kaon-baryon interaction is incorporated in the baryon part
ng, and the meson part 5e"f”f consists of the free classical
kaons only. The baryon part £ and the meson part £
are derived from the effective chiral Lagrangian (5). After
the nonrelativistic reduction for the baryon part of the
effective Hamiltonian by way of the Foldy-Wouthuysen-Tani
transformation and with the mean-field approximation, one

obtains
> ) Eqm, @®)

i=p,A.n, X~ IpI<Ipp@)]
s=

B _
et =

where pr(i) are the Fermi momenta, and the subscript s stands
for the spin states for the baryon. The effective single-particle
energies Eélf;,s(p) for the baryons i are represented by

EL) (p) = p*/2My — (1t + Sip)(1 — cos6) + jt + v, (%)
ES(p) = pPP/2My — Zga(l — cos8) + 8May +v, (9b)
E® () = p*/2My — (L + Tx,) (1 —cos) +v, (%)

EG () = p*/2My — (—1p + Sxx-) (1 — cos6)
+0Ms-y —p+v, (9d)

where My is the nucleon mass, M, N(=176 MeV) is the
A-N mass difference and § M x- (=258 MeV) the ¥ ~-N mass
difference. The “kaon-hyperon sigma terms” are defined by
Tka = —(Car + 2a2 + 2a3)(m, + my) and Tgy- = —(az +
2a3)(m, + ms)(=Xk,). Note that each term in Egs. (9)
contains both the kaon-baryon attraction of the scalar type
simulated by the sigma term and the kaon-baryon interaction
of the vector type proportional to u, the coefficient of which
is given by the V-spin charge of each baryon.

The meson contribution to the effective energy density £
is given by the substitution of the classical kaon field [Eq. (2)]
into the meson part of the effective Hamiltonian, that is,

EN =3 uPsin® 0 + fPmi(1 — cos0), (10)

where mg = [A,sp(m, + my)]"/?, which is identified with the
free kaon mass, and is replaced by the experimental value
493.7 MeV. The lepton contribution to the effective energy
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density is given as
4 3 4
3 w w
—Ur 5= (1)

ff = 472 " P32 T T 122

with p, = u3/(37?) for the ultrarelativistic electrons.

D. Baryon potentials

We introduce a potential energy density &, as a local
effective baryon-baryon interaction, which is assumed to be
given by functions of the number densities of the relevant
baryons [36]. To consistently take into account the baryon
potential effects on both the whole energy of the system and
the baryon single-particle energies, we take the following
prescription: the baryon potential V;(i = p, A,n,X7) is
defined as

Vi= a“-;:pot/api ’ (12)

with p; being the number density of baryon 7, and it is
added to each effective single particle energy, Eé’fgs(p) —
E ’gf)“ P = Eég’s(p) + Vi. The potential energy density Epo
is added to the total effective energy density £, and the term

i s A5~ Pi Vi is subtracted to avoid the double counting of

the baryon interaction energies in the sum over the effective
single-particle energies £ /gf)f,s (p)- Accordingly, the baryon part
of the effective energy density is modified as

= > Y EGm+&Ea— Y. aVi

i=p,A,n, X" pI<IppQ)] i=p,An X~
s=%1/2

B 3 (37.[2)2/3
5 2My
+ (PadMpp + ps-6Ms-1) + Epor

5/3 5/3
(92/3 + /OA/ + ’OVSL/3 + 102/*)

1
- {Pp(ﬂ + XZkp) + oaZka + Pn (EM + EKn)

1
+ ps- (—zlt + EKZ)} (I —cost)

+ u(pp — pg-) + vos. (13)

The total effective energy density £ is obtained as the
sum of the baryon, meson, and lepton parts whose explicit
forms are given by Egs. (13), (10), and (11), respectively. For
later convenience, we also show the total energy density &£’
including the potential contribution for baryons as
_ 3 (3712)2/3
5 2My

+(padMan + ps-0Ms-N) + Epat

—(PpZgp + PAZKA + PnXgn + px-Xgx-)(1 — cos0)

4

5/3 53
(/’157/3 + PA/ + 0, + ,o):/_)

1
+ §f2“2 sin® @ 4 f2m3%(1 — cos0) + u*/(4n?), (14)

where the first term on the right-hand side denotes the baryon
kinetic energy, the second term comes from the mass difference
between the hyperons and nucleons, the third term is the baryon
potential energy, the fourth term is the s-wave kaon-baryon
scalar interaction brought about by the kaon-baryon sigma
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terms, the fifth and sixth terms are the free parts of the
condensed kaon energy (kinetic energy and free mass), and
the last term stands for the lepton kinetic energy.

For the hyperonic matter composed of p, A, n,and X7, the
potential energy density &y is given by

gpot

1
= E[aNN(pp + Ion)2 + bNN(IOp - ;On)2
+CNN(pp + pl’l)8+1] + aAN(,Op + pn)pA

[ (pp + p)’ ™! pa? ™!
+can A
Pp + Pn + PA Pp + Pn+ PA

(pp + pn)}

1 2 y+1
+ E(GYYPA +ceyypa”) +asn(op + on)oz-

+bsn(on — pp)oz-

+ . y+1
. [ (pp + pn)
Pp + Pn + pz-

z p n
pp—‘,-pn—‘,-p}—

p27y+1 pAerl
+ayyps-pa + cyy |: oA+ Px-
Px- + pa Px-+ pa

1
+§[(aYY + bxx)pz-* + cyypx-T1, (15)

where the terms including the exponents § and y (6, y >
1) represent the multibody repulsive interactions between
baryons. The parameters in the potential energy density of
Eq. (15) are determined as follows. (i) The parameters ayy
and cyy in the NN part are fixed so as to reproduce the
standard nuclear saturation density py = 0.16 fm~> and the
binding energy —16 MeV in symmetric nuclear matter. With
the parameters ayy, cyy, and &, the incompressibility K in
symmetric nuclear matter is obtained. The parameter by y
for the isospin-dependent term in the NN part is chosen
to reproduce the empirical value of the symmetry energy
~30MeV at pg = py. (ii) For the Y N parts, ay and cpy are
basically taken to be the same as those in Ref. [36], where the
single A orbitals in ordinary hypernuclei are reasonably fitted.
The depth of the A potential in nuclear matter is then given as
Valpp = pn = po/2) = asnpo + canpy = —27 MeV [49].
The depth of the £~ potential Vy- in nuclear matter is taken to
be repulsive, following recent theoretical calculations [50,51]
and the phenomenological analyses on the (K ~, =) reactions
at BNL [52,53], (&, K") reactions at KEK [54-56], and
the X~ atom data [57]: Vz-(p, = pn = po/2) = asnpo +
cszg = 23.5 MeV and by ypo = 40.2 MeV. This choice of
the parameters corresponds to the values in Ref. [53] based on
the Nijmegen model F. (iii) Since the experimental information
on the YY interactions is not enough, we take the same
parameters for the Y'Y part as those in Ref. [36].

Taking into account the conditions (i)—(iii), we adopt the
following two parameter sets throughout this paper. (A) § =
y =5/3. In this case, one obtains K = 306 MeV, which is
larger than the standard empirical value 210£30 MeV [58]. (B)
8 =4/3 and y = 2.0. From the choice § = 4/3, one obtains
K =236 MeV, which lies within the empirical value. The
choice y = 2.0 leads to the stiffer EOS for hyperonic matter
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TABLE I. Parameters in the potential energy density.

H-EOS Parameter Parameter Parameter
V4 5/3 Ll/\]\/21 —387.0 Clyya —552.6
) 5/3 can® 738.8  cyy? 1055.4
(A) ayn® —914.2  asp® =709 bsx? 428.4
byn? 212.8 bsy? 251.3
cyn® 14864 cxp® 738.8
Y 2 (lANa —342.8 ayya —486.2
) 4/3 CANb 1087.5 nyb 1553.6
(B) ayy® —1352.3 aspy® —27.1  bsgs? 428.4
byn® 212.8 bsn?® 251.3
CNNC 1613.9 C):Nb 1087.5
"MeV fm?.
"MeV fm?”.
‘MeV fm*.

at high densities compared with case (A). Numerical values of
the parameter sets (A) and (B) are listed in Table I. Here we
abbreviate the EOS for hyperonic matter with the use of (A)
and (B) as H-EOS (A) and H-EOS (B), respectively.

E. Physical constraints

The energy density and physical quantities in the ground
state are obtained variationally by the extremization of the
total effective energy density £ with respect to 6, u, and
each number density of the baryon i at a given density pp.
From 8€e/ff /90 = 0, one obtains the classical field equation
for 0,

sin 6 2cos6’—m2—|-i +l _ !
w K 12 Pp 2pn 2;02—

1
tH 2 ASa| =0 (16)
i=p,AnX~

From 38&,/du = 0, one obtains the charge neutrality condi-
tion
Pp — Px- — Pk~ — Pe =0, (17)

where the number density of the kaon condensates pg- is
given as

. 1 1
px- = (uf? sin’ 6 + <pp + 50— 5/02) (1 —cos6). (18)

From 0&;/0v = pp, one obtains the baryon number conser-
vation

> pi=ps (19)
i=p,A,n, X~
The chemical equilibrium conditions for the weak interaction
processes [Eq. (4)], n = pe~(¥.), n = A(v.V,), and ne”™ =
%7 (v.), are rewritten as

Mn = Up + 1L, (20a)
UA = U, (20b)
He- = tn + [, (200)
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where the chemical potentials for the baryons are given by
wi = d&'/9p; with the help of Egs. (14), (16), and (18); that
is,

3ntpa)*? (1
_ G (—u + Ekn> (1 —cos8) +V,, (2la)

" 2My 2
(372p,)*3
[y = —(u+ Zgp)(1 —cos0)+ V,, (21b)
2My
37T2 2/3
fa = Grp)™ Yxa(l —cosh)+8May + Va, 21c)
2My
(37.[2 7)2/3 1
(- ZZ'OTEN_ _§M+2K):f (1 —cos0)
+8Mz-y + Vz-. (21d)

III. COMPOSITION OF MATTER IN THE
NONCONDENSED PHASE

The critical density satisfying Eq. (1) depends sensitively
on the density dependence of w, which is also affected by the
matter composition through the relation 1 = ., = (372p,)'/3.

Thereby, before going into detail on the onset density of
kaon condensation, we address behaviors of particle fractions
in the noncondensed hyperonic matter.

In Figs. 1 and 2, particle fractions p;/pp (i = p, A, n,
Y7, e7) in the noncondensed hyperonic matter are shown
as functions of baryon number density pp for H-EOS (A)
and (B), respectively. In both figures, the dashed lines stand
for the ratio of the total negative strangeness number density
Pstrange(=PA + px-) to the baryon number density pp.

In the case of H-EOS (A), the A hyperon starts to be
mixed at pp = pz(A) =0.340 fm~3(=2.13p) and the =~
hyperon does the same at a higher density, pp = p3(X7) =
0.525 fm—3(=3.28p0) (Fig. 1). For H-EOS (B), both hyperons
start to be mixed at higher densities than the case of H-EOS
(A),i.e., at pp = pgz(A) ~ 0.44 fm_3(=2.69,00) for the A and

1.0

T

H-EOS (A)

— T

total negative

-

0.5

P;/ PB

0.0 05 1.0 15 2.0
pp (fm=3)
FIG. 1. (Color online) Particle fractions p;/pp in the noncon-

densed hyperonic matter as functions of baryon number density pp.
The H-EOS (A) is used.
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H-EOS (B)
n
total negative
- strangeness ;
2 o0s) T ]
[oX Y
/
p A
e-| 7=
0.0 e,
0.0 0.5 1.0 1.5 2.0
pp (fm=3)

FIG. 2. (Color online) Same as in Fig. 1, but for H-EOS (B).

pp = pp(X7) ~0.59 fm—3(=3.69p) for the =~ (Fig. 2). In
fact, the condition for A mixing in the (n, p, e~) matter, for
instance, is written by the use of Eqgs. (21a) and (21c¢) as

(Br?p,)?3

M Vi <
AN T Va My

+ Va, (22)

where Vi = asypp + canpy and V, = ayypp — byn(pp —
1
on) + ECNN(S + 1),053. In the case of H-EOS (B), the exponent

6 (=4/3) is smaller than that for H-EOS (A) (=5/3), which
makes the repulsive interaction of V,, for H-EOS (B) smaller
than that for H-EOS (A). Furthermore the exponent y (=2)
is bigger than that for H-EOS (A) (=5/3), which makes the
repulsive interaction of V, for H-EOS (B) larger than that for
H-EOS (A). Both effects push up the threshold density for the
condition (22) as compared with the case of H-EOS (A).

In general, the smaller value of the exponent é simulating
the higher-order terms of the repulsive nucleon-nucleon
interactions gives the smaller potential energy contributions
for the nucleons. The larger value of the exponent y simulating
the higher-order repulsive terms of the hyperon-nucleon and
hyperon-hyperon interactions gives the larger potential energy
contributions for the hyperons. As a result, the B equilibrium
conditions for the hyperons,n = A(v.¥.) andne™ = X7 (v,),
are satisfied at higher densities for H-EOS (B) than for
H-EOS (A).

Note that for H-EOS (B), the A and X~ start to appear in the
ground state of neutron-star matter such that the mixing ratios
pa/pp and pyx-/pp increase discontinuously from zero to
finite nonzero values above certain densities. This is a different
behavior from the usual one, where the hyperon-mixing ratios
increase continuously from zero as density increases, as in the
case of H-EOS (A). (See the Appendix.)

One can see common behavior with regard to the density
dependence of each particle fraction for H-EOS (A) and (B): as
the hyperons dominate the matter composition with increase in
pB, the electron fraction decreases. In particular, the negative
charge of the electron is taken over by that of the ¥~ hyperon,
so that the electron fraction decreases rapidly, while the X~
fraction increases as the density increases. The proton fraction
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increases so as to compensate the negative charge of the ¥ . At
high densities, the ¥~ and proton fractions amount to 20-30%,
the A fraction to 30—40%, and the fraction of total negative
strangeness to 50-60%. As a result of the increases in the
proton, A, and ¥~ fractions, the neutron fraction decreases
rapidly with increase in pg.

IV. VALIDITY OF CONTINUOUS PHASE TRANSITION

In ordinary neutron-star matter without hyperon mixing,
the onset density for kaon condensation is given by the
condition w = u [Eq. (1)]. Here the lowest energy w for K~
is obtained from the zero point of the inverse propagator for
K, Dgl (w; pg), which can be read from the expansion of the
total effective energy density &; with respect to the chiral
angle 6 around 6 = 0:

2
EL(0) = E(0) — %D;l(u; )02+ 0©0Y.  (23)

This onset condition, D,}l(/x; pp) =0, is equal to the non-
trivial classical kaon-field equation (16) with 6 = 0 and is
based on the assumption of the continuous phase transition:
the chiral angle 0, for instance, increases continuously from
zero as pp increases. In this section, we consider the validity
of the assumption of the continuous phase transition to
K~ condensation in hyperonic matter. Numerical results
are presented by the use of H-EOS (A) and (B) for the
noncondensed hyperonic matter EOS in Secs. IV A and IV B,
respectively.

A. Case of H-EOS (A)

In Fig. 3, we show the lowest energies of K ~ as functions of
baryon number density pp for X, = 305 and 207 MeV in the
case of H-EOS (A). The dependence of the charge chemical
potential u(=pg = ) on pp is shown by the dotted line. The
charge chemical potential u decreases with increase in density

H-EOS (A)
400} K~ |
\\ ZKkn = 207 MeV |
S
) e
=3
2 200

) A >
ol . . v, T, .\
0.0 0.5 1.0

pB (fm=3)

FIG. 3. (Color online) Lowest energies of K~ as functions of pg
for X, = 305 MeV (bold solid line) and Xk, = 207 MeV (thin
solid line) in the case of H-EOS (A).
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Ekn = 207 MeV
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0 (rad)

c(2)

FIG. 4. (Color online) (a) Contour plot of the total energy per baryon £’/ pg inthe (0, px-/pp) plane at pg = pp~ (K ) for g, = 305 MeV
in the case of H-EOS (A). The energy interval is taken to be 0.2 MeV. (b) The same as in (a), but for X, = 207 MeV. The energy interval is

taken to be 0.5 MeV. See the text for details.

after the appearance of the negatively charged hyperon X7, as
seen in Fig. 3, so that the onset condition Eq. (1) is satisfied at
a higher density than in the case of neutron-star matter without
mixing of hyperons. We denote the density at which the lowest
K~ energy w crosses the u as ,o;(z)(K 7). From Fig. 3, one reads
PSP (K ™) = 0.6433 fm > (=4.02p) for £g, = 305 MeV and
PSP (K ™) = 0.9254 fm~3(=5.78pp) for T, = 207 MeV.

Now we examine whether the state at pp = ,og(z)(K ~)isthe
true ground state by considering the dependence of the total
energy of the system at pg = p;Q)(K ~) on the chiral angle 6
and ¥~ -mixing ratio px-/pp. In Fig. 4, the contour plots of
the total energy per baryon £’/ pp in the (6, ps-/pp) plane at
PR = pg@ (K ™) are depicted for Xk, = 305 MeV [Fig. 4(a)]
and Xk, = 207 MeV [Fig. 4(b)] in the case of H-EOS (A).
Note that £'/pp has been maximized with respect to u and
minimized with respect to the other remaining parameters
oa/ps and p,/pp. The energy interval between the contours
is taken to be 0.2 MeV for Xk, = 305 MeV and 0.5 MeV for
Ykn = 207 MeV.

For g, = 305 MeV [Fig. 4(a)], one obtains a state satisfy-
ing the condition w = p at a point (8, pg-/pp) = (0, 0.117),
where £'/pp = 117.32 MeV (denoted as P). However, this
point is not a minimum but a saddle point in the (6, px-/pp)
plane. A true minimum state exists at a different point,
@, ps-/pp) = (0.70rad, 0), in the plane (denoted as Q). This
state Q stands for the fully developed K~ -condensed state
with no £~ mixing.

To see the mechanisms of how a true minimum state
which has the fully developed K~ condensates with no ¥~
mixing appears, the total energy per baryon &£'/pp of the
kaon-condensed state and the contributions to £'/pp from
each term on the right-hand side of Eq. (14) are shown in
Fig. 5(a), as functions of the X~ -mixing ratio py-/pp at
o5 = P32 (K ~)(=0.6433 fm™>) for Tk, =305 MeV. At a
given px- / pg, the total energy per baryon £’/ pg is minimized
with respect to 6, p,, and p,, and maximized with respect

to u. All the energy values are represented as the differences
from the corresponding values at the state P. The state P
satisfying the condition w = w corresponds to the point at
px-/pp = 0.117 on the bold solid line. The state Q denoting
the absolute energy minimum with 6 = 0.70 rad corresponds
to the point at py-/pp =0 on the bold solid line. From
comparison of each energy contribution at the states P and Q,
one can see that the hyperon-nucleon (Y-N) mass difference
mainly pushes up the total energy of the kaon-condensed state
as the X7 -mixing ratio increases. The mixing of the X~
hyperon slightly reduces the total kinetic energy of baryons
by lowering the Fermi momentum of each baryon, while
slightly enlarging the baryon potential energy contribution.
These two effects compensate each other. The lepton energy
contribution is little changed by the ¥~ mixing. Note that the
sum of the kaon-baryon scalar interaction energy and free
kaon energy consisting of the kaon free mass and kinetic
energy is positive, because the repulsive contribution from the
free kaon energy surpasses the attractive interaction between
kaons and baryons. As the X~ -mixing ratio increases, the
fraction of the K~ condensates decreases, and so does the sum
of the kaon-baryon scalar interaction energy and free kaon
energy, because the negative charge of the K~ condensates is
replaced by that of the £~ hyperons. However, the decrease
in this repulsive effect from the K~ condensates to the energy
cannot compensate for the energy excess from the Y-N mass
difference as the ¥~ mixing increases. As a result, the total
energy of the kaon-condensed state increases monotonically
with increase in the ¥ ~-mixing ratio, and the state Q becomes
the energy minimum, while the state P is the maximum with
respect to the ¥~ -mixing ratio.

In the case of H-EOS (A) and Xk, = 305 MeV, the more
detailed numerical analysis shows the following behavior for
the energy minima in the (8, ps-/pp) plane as the density

pp increases in the vicinity of ,02(2)([( 7). At a certain density

below p;(z)(K 7), a local minimum state Q’ corresponding to
the K~ -condensed state without the ¥~ mixing appears in

015810-7



TAKUMI MUTO

(@ | H-EOS (A) =kn =305 MeV
Mev) | Pe°® (K-) = 0.6433 fm-3

T T

ool kaon-baryon scalar
int.+ free kaon

baryon

kinetic energy

lepton energy. \1
0 Y

baryon 7

potential energy

total energy

Y-N mass

-20 difference 1

000 005 010 015

Ps-/PB

PHYSICAL REVIEW C 77, 015810 (2008)

®) | H-EOS (A) 3K, = 207 MeV
pe®@ (K-) = 0.9254 fm—3

(MeV)
kaon-baryon scalar
baryon 20 int.+ free kaon 1
potential energy
baryon

kinetic energy&

—
total energy — Of-.

4
lepton energy

Y-N mass
difference

pPs-/PB

FIG. 5. (Color online) (a) Contributions from each term on the right-hand side of Eq. (14) to the total energy per baryon £’/ pp as functions
of the ¥~ -mixing ratio pg-/pp at pp = p;(z)(K*)(=0.6433 fm™>) for T, = 305 MeV (the solid lines). The H-EOS (A) is used for the
hyperonic matter EOS. All the energy values are represented as the differences from the corresponding values at the state P. (b) The same as
(a) but for T, = 207 MeV [p52 (K ~) = 0.9254 fm—3]. See the text for details.

addition to the absolute minimum state P’ corresponding to
the noncondensed state with the ¥~ mixing. [We denote this
density as p;(K ~;noX7).] As the density increases, the state
Q' shifts to have a lower energy; and at a density denoted
as pg(l)(K ~;n0X "), the energy values of the two minima P’
and Q' become equal. Above pp = p;(l)(l(‘; noX ~), the state
Q' becomes the absolute minimum, having a lower energy
than that of the state P’. In Table II, we show the typical
densities, p3(K~;noX~) and p;(l)(K’;noE’), as well as
PSP (K 7). In the case of H-EOS (A) and g, = 305 MeV,
there is a discontinuous transition from the noncondensed
state of hyperonic matter with the ¥~ mixing (the state
P’) to the K~ -condensed state without the X~ mixing (the

state Q') above pp = p;(l)(l(_; noX 7). This transition density

p;(l)(K_; noX ) is slightly lower than ,og(z)(K‘).

Next we proceed to the case of H-EOS (A) and Xk, =
207 MeV (the weaker s-wave kaon-baryon scalar interaction).
As seen from Fig. 4(b), the state P is an absolute minimum.
Therefore, the assumption of the continuous transition is kept
valid, and the onset density for kaon condensation is given by

pg(z)(K 7). In Fig. 5(b), the total energy per baryon £'/pp of
the kaon-condensed state and the contributions to £'/pp are
shown as functions of the ¥ ~-mixing ratio px-/pp for Xk, =
207 MeV [p5?(K~) = 0.9254 fm~>]. The qualitative behav-
iors are the same as those for Xk, = 305 MeV [Fig. 5(a)]
except for the baryon potential energy contribution, which
decreases monotonically with increase in px-/pp. For this
weaker s-wave kaon-baryon scalar interaction case, the crit-
ical density ,02(2)(1{ ~) is far beyond the onset density of
=7, p4(E7) (= 0.52 fm~3). Atsuch a high density, the baryon
potential energy is lowered by the mixing of the X ~. Thus all
the contributions except for the Y-N mass difference term
favor the ¥~ mixing, and the state P becomes the absolute
minimum.

However, it should be noted that there still exists a
kaon-condensed local minimum Q(0, px-/pp) = (1.0rad,
0) without the ¥~ mixing. Indeed, the local minimum
(the state Q') exists from a fairly lower density pj(K~;
noX ~)(=0.8280 fm~>) than p§>(K ~)(=0.9254fm™3) (see
Table II).

TABLE II. Typical densities associated with the appearance of K~ condensates and ¥~ hyperons.
They are calculated with the EOS models for hyperonic matter, H-EOS (A) and H-EOS (B). The values in

c(2)

parentheses for p;~'(K ™) do not correspond to the true energy minimum but to the local minimum or the
saddle point in the (6, px-/pp) plane. See the text for details.

H-EOS ko pp(KTm0Z7) pp(K7inoT ) ppP(KT)  pp(KET) py (KT ET)
(MeV) (fm™3) (fm™3) (fm™3) (fm™3) (fm™3)

(A) 305 0.5782 0.6135 (0.6433) 1.011 1.039
207 0.8280 - 0.9254 - -

(B) 305 - - 0.5504 1.006 1.069
207 0.7084 0.9086 (0.9189) 0.9189 1.170
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FIG. 6. (Color online) Lowest energies of K~ as functions of pg
for Xk, = 305 MeV (bold solid line) and Xk, = 207 MeV (thin
solid line) in the case of H-EOS (B).

B. Case of H-EOS (B)

In the case of H-EOS (B) for the hyperonic matter EOS,
both the A and X~ start to be mixed at higher densities than in
the case of H-EOS (A) (Sec. III). In Fig. 6, we show the lowest
energies of the K~ as functions of baryon number density pp
for £, = 305 and 207 MeV.

In Fig. 7, the contour plots of the total energy per baryon
&'/ ppinthe (0, ps-/pp)plane at pp = ,olc;z)(K_) are depicted
for X g, = 305 and 207 MeV in the case of H-EOS (B).

From Fig. 6, the critical density ,oga)(K ~) is read
as 0.5504 fm_3(=3.44,00) for Xk, =305 MeV and as
0.9189 fm™3(=5.749) for L, = 207 MeV.

For ¥k, =305 MeV, the condition w = u [Eq. (1)] is
satisfied before ¥~ mixing starts, i.e., pg(z)(K’) < pg(Z7).
As seen from Fig. 7(a), the corresponding state P is the
absolute minimum for the total energy per baryon &£'/pp in
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FIG. 8. (Color online) Same as Fig. 5(b) but for H-EOS (B) and
Tkn =207 MeV [p52(K ) = 0.9189 fm~3]. See the text for details.
the (6, ps-/pp) plane at pp = ,02(2)(1{’), and there is no
local minimum with kaon condensates without the ¥~ mixing.
Therefore, the assumption of the continuous phase transition
does not lose its validity when the ¥~ hyperons are not mixed
in the ground state.

On the other hand, for Xk, =207 MeV, the state P
satisfying the condition @ = p is obtained as a local minimum
at a point (0, ps-/pp) = (0, 0.200) in the presence of the ¥,
and there is an absolute minimum with kaon condensates
without the X~ mixing (the state Q in Fig. 7(b)) at a
point (6, px-/pp) = (1.02rad, 0). The total energy per baryon
&’ /pp of the kaon-condensed state and the contributions to
&'/ pp from each term on the right-hand side of Eq. (14) are
also shown in Fig. 8, as functions of the X~ -mixing ratio
ps-/psatpg = p52 (K ~)(=0.9189 fm ) for H-EOS (B) and
Ykn = 207 MeV.

0.3F (b} I H—ELI_JS{B}I

Tkn =207 MeV
pp®@ (K™)=0.9189 fm—3

0.25

0 0.2 04 0.6 0.8 1 1.2 1.4
0 (rad)

FIG. 7. (Color online) (a) Contour plot of the total energy per baryon &£'/pp in the (0, pz-/pp) plane at pp = p;(z)(K ~) for Xk, =
305 MeV in the case of H-EOS (B). The energy interval is taken to be 0.2 MeV. (b) The same as in (a), but for X, = 207 MeV. The energy

interval is taken to be 0.5 MeV. See the text for details.
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The qualitative behavior for each contribution is similar
to that in Fig. 5(b) for H-EOS (A) and X, = 207 MeV.
However, competition between the ¥~ and K~ condensates
is more remarkable than in the case of H-EOS (A) and X, =
207 MeV, making the state Q energetically more favorable than
the state P. From Table II, one can see the common behavior
as in the case of H-EOS (A) and Xk, = 305 MeV concerning
the appearance of K~ condensates and ¥~ hyperons, that is,
there is a discontinuous transition from the noncondensed state
of hyperonic matter with the £~ mixing to the K ~-condensed
state without the ¥~ mixing above pp = pg(l)(K’;noE’),

and this transition density pg(l)(K ~;noX ") is slightly lower

than ,og(z)(K 7).

V. EQUATION OF STATE

A. Two energy minima with and without ¥~ mixing for the
K ~-condensed phase

Here we discuss the EOS of the K~ -condensed phase in
hyperonic matter. The total energies per baryon in the K-
condensed phase, £'/pp, as functions of the baryon number
density pp are shown in Fig. 9 for H-EOS (A) and H-EOS (B).
In each case of the model EOS for hyperonic matter and the Kn
sigmaterm X, there are two solutions of the kaon-condensed
phase corresponding to two minima in the (6, px-/pp) plane at
some density intervals. One is the K ~-condensed state without
¥~ mixing (dashed lines) called the state Q' in Sec. IV, and
the other is with ¥~ mixing (solid lines), which we call the
state R’. The density at which the state R" appears as a local
minimum is denoted as pj(K ~; ¥ 7). For example, we show
in Fig. 10 the contour plots of £’/ pp in the (0, pg-/pp) plane
at pp = p5(K~; X7) for X, = 305 MeV for H-EOS (A) and
H-EOS (B).

InFig. 11, we show the dependence of the baryon potentials
Vs-, V,, the neutron chemical potential i, and the difference

300 T T
(@ H-EOS (A)
3
2 200}
c
o
P
©
O
S 100t
2
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Qleet™s v v v
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of the ¥~ and charge chemical potentials, wy- — w, on the
¥~ -mixing ratio py- / pp in the kaon-condensed phase at pp =
p5(K7; X7) for X, = 305 MeV with H-EOS (A) and with
H-EOS (B).

One can see that the chemical potential difference py- —
has a minimum at a finite value of pg-/pp(=0.12-0.14) and
that the neutron chemical potential u, decreases monotoni-
cally with increase in the ¥ ~-mixing ratio within the range
px-/pp = 0.0-0.3. As a result, the chemical equilibrium con-
dition, u, = puy- — u, for the weak process ne™ = X7 (v,) is
met at a finite ¥~ -mixing ratio (=0.07-0.1), where the state R’
in Fig. 10 appears. The dependence of the chemical potentials
ws- — n and p, on the ¥~ -mixing ratio is caused by that of
the baryon potentials Vy- and V), respectively, as seen from
Fig. 11.

Except for the case of Xk, = 207 MeV with H-EOS (A)
where the ¥~ hyperons are already mixed at the onset density
of the K~ condensates, the difference of the energies between
the state R’ and the absolute minimum state Q' gets smaller
as the density increases. And at a certain density denoted as
,og(l)(K‘; 3 7), the energies of the states Q' and R’ become
equal. Above the density ,og(l)(K ~; X7), the state R’ develops
as an absolute energy minimum. In Table II, we show the
numerical values of p%(K ~; ¥7) and ,013(1)([(‘; X 7) for each
case of Xk, and the hyperonic matter EOS.

At a given density, the ground state is determined by the
lowest energy state in Fig. 9. For all the cases, the state
R’ becomes the ground state at higher densities, i.e., the
¥~ is mixed in the fully developed kaon-condensed phase.
Except for the case of Xg, =207 MeV with H-EOS (A),
the transition from the Q’ state (the dashed lines) to the R’
state (the solid lines) is discontinuous. Even when the state
R’ is the ground state, the local minimum (the state Q')
prevails over the wide range of the baryon number density,
in particular, in the case of H-EOS (B) [see the dashed lines in
Fig. 9(b)].
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FIG. 9. (Color online) Total energies per baryon £/ pp in the K ~-condensed phase as functions of pp for (a) H-EOS (A) and (b) H-EOS (B).
The bold (thin) lines are for Xk, = 305 MeV (X, = 207 MeV). The solid lines stand for the total energies per baryon for the K ~-condensed
state with ¥~ mixing, while the dashed lines for the K - condensed state without ¥~ mixing. For comparison, £'/pp for the noncondensed

hyperonic matter is shown by the dotted lines.
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FIG. 10. (Color online) Contour plots of the total energy per baryon £'/pg in the (8, ps-/pp) plane at pp = p3(K~; X7) for Xk, =
305 MeV in the case of (a) H-EOS (A) with an energy interval of 0.05 MeV, and (b) H-EOS (B) with an energy interval of 0.2 MeV. See the

text for details.

InFig. 12, we show the pressure in the K ~-condensed phase
obtained by P = ,01293(5’/,03)/8,03(= — &), as functions of
the energy density, € = & + My pp, in MeV fm—3, for both
H-EOS (A) and (B). The bold (thin) lines are for X, =
305 MeV (Zk, =207 MeV). The solid lines stand for the
pressure for the K~ -condensed state with the ¥~ mixing,
while the dashed lines for the K~ -condensed state without
the ¥~ mixing. For comparison, the pressure for the non-
condensed hyperonic matter is shown by the dotted line.
Except for the case of Xk, =207 MeV with H-EOS (A),
there appears a gap in the pressure at the transition density
p;(l)(K ~; X 7) as a result of the discontinuous transition. Note
that the speed of sound (3 P/d¢)!/? exceeds the speed of light
c above a certain energy density, which is denoted as an arrow
for each corresponding pressure curve. In such high-density
regions, the relativistically covariant formulation is necessary
for quantitative discussion of the EOS.

B. Density isomer state in the case of the stronger s-wave
kaon-baryon scalar attraction

In the kaon-condensed phase realized in hyperonic matter,
the EOS becomes considerably soft. In particular, in the case of
Y kn = 305 MeV for both H-EOS (A) and (B), a local energy
minimum (which we call the density isomer state) appears at
a certain density pp min denoted as dots in Figs. 9 and 12,
and the pressure becomes negative at some density intervals
below pg min. For H-EOS (A) [H-EOS (B)], one reads pp min =
1.22 fm~3(0.92 fm—?), and the minimum energy per baryon at
PB.min 18 76.9 MeV (106.1 MeV) (see Fig. 9). The energy
at pp min 1s smaller than the A-N mass difference, My =
176 MeV. Thus the density isomer state is stable against the
strong decay processes.

To clarify mechanisms for the significant softening of the
EOS leading to the appearance of the local energy minimum
and for subsequent recovering of the stiffness of the EOS

H-EOS(A) Zkn = 305 MeV
pg  (K~;£7)=1.011 fm™

H-EOS (B)
pg” (K™ £7)=1.006 fm=3

Ikn = 305 MeV

FIG. 11. (Color online) De-
pendence of Vy-, V,, and usg- —
M, b, on the X~ -mixing ratio
ps=-/pp in the kaon-condensed
phase at pg = pji(K~;X7) for
Yk, = 305 MeV with (a) H-EOS
(A) and (b) H-EOS (B).
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FIG. 12. (Color online) Pressure (MeV fm~3) in the K ~-condensed phase, P = p2d(E'/pp)/dps(= — EL;), as function of energy density
€ MeV fm~3) for (a) H-EOS (A) and (b) H-EOS (B). Line notation is the same as in Fig. 9.

at higher density regions, we show the energy contributions
to the total energy per baryon by the solid lines in the case
of Xk, =305 MeV for H-EOS (A) and (B) in Fig. 13.
For comparison, those for the kaon-condensed phase realized
in ordinary neutron-star matter, obtained after putting p, =
ps- = 0, are shown by the dashed lines. The density region
where the total energy per baryon decreases with density (i.e.,
the negative pressure region) is bounded by the vertical dotted
lines in Figs. 13(a) and 13(b).

The dependence of the total energy on the baryon number
density is mainly determined by the two contributions: (I)
the contribution from the classical kaons as the sum of the
s-wave scalar kaon-baryon interaction and the free parts of
the condensed kaon energy [the fourth, fifth, and sixth terms
in Eq. (14)] and (II) the baryon potential energy &0/ o5 [the

third term in Eq. (14)]. Both the attractive energy contribution
(D and the repulsive energy contribution (IT) become large with
increased density. As one can see by comparing the solid and
dashed lines in Fig. 13, the attractive effect from contribution
(D) is more pronounced because of hyperon mixing than in
the case without hyperons, thus lowering the total energy
at a given density. In addition, the repulsive effect from the
contribution (II) is much weakened by hyperon mixing at a
given density, since the repulsive interaction between nucleons
is avoided by lowering the relative nucleon density through
hyperon mixing.” As a result of these two effects, mixing of

"This suppression mechanism of the repulsive interaction between
nucleons is essentially the same as that for softening of the EOS in
the noncondensed hyperonic matter as pointed out in Refs. [37,38].
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FIG. 13. (Color online) Contributions to the total energy per baryon for the kaon-condensed phase in hyperonic matter as functions of
the baryon number density pp for Xk, = 305 MeV (solid lines) with (a) H-EOS (A) and (b) H-EOS (B). For comparison, those for the
kaon-condensed phase realized in ordinary neutron-star matter, obtained after putting p, = px- = 0, are shown by the dashed lines. See the
text for details.

015810-12



INTERPLAY BETWEEN KAON CONDENSATION AND ...

hyperons leads to significant softening of the EOS for the
kaon-condensed phase in hyperonic matter.

In the kaon-condensed phase in hyperonic matter (solid
lines in Fig. 13), the increase of the absolute value of the kaon-
baryon attractive interaction with density is more remarkable
than the increase of the potential energy with density at the
density intervals bounded by the vertical dotted lines in Fig. 13.
The density dependence of the other energy contributions is
small. As a result, the total energy per baryon decreases with
density in this density region, and there is an energy minimum
at pp min- At higher densities above pp nmin, the decrease of the
contribution (I) gets slightly moderate, while the increase of the
contribution (II) with density becomes more marked because
of the increase of the repulsion between baryons. Therefore,
the total energy per baryon increases rapidly with density,
and the EOS recovers the stiffness at very high densities. The
stiffness of the EOS depends on the quantitative behavior of
the repulsive interaction between baryons at high densities,
which has ambiguity depending on the model interaction. In
our framework, the H-EOS (B) brings about a stiffer EOS
at high densities than the H-EOS (A), since the many-body
hyperon-nucleon and hyperon-hyperon repulsive interaction
terms, which control the stiffness of the EOS at high densities,
contribute more significantly in the H-EOS (B) (the exponent
y = 2.0) than in the H-EOS(A) (y = 5/3).

It has been suggested in Ref. [59] that a density isomer
state with kaon condensates in hyperonic matter implies the
existence of self-bound objects, which can be bound essentially
without gravitation on a scale of an atomic nucleus to a neutron
star just like a strangelet and a strange star [60—-64] or other
exotic matter [65—69]. The density isomer state is located at
a local energy minimum with respect to the baryon number
density as a metastable state, but it decays only through mul-
tiple weak processes, so it is regarded as substantially stable.
Implications of such self-bound objects with kaon condensates
for astrophysical phenomena and nuclear experiments will
be discussed in detail in a subsequent paper, where both

(@ H-EOS(A) X kn= 305 MeV

T T T =
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s-wave and p-wave kaon-baryon interactions are taken into
account [46].

C. Composition of matter in the kaon-condensed phase

The characteristic features of the kaon-condensed phase in
hyperonic matter can be surveyed from the density dependence
of the composition of matter. In Figs. 14 and 15, the
particle fractions p; /ppg(i = p, A,n, ¥~, K~, e”) are shown
as functions of the baryon number density pp, with Xk, =
305 MeV and Xk, = 207 MeV, for H-EOS(A) (Fig. 14) and
H-EOS(B) (Fig. 15). The long dashed lines stand for the ratio
of the total negative strangeness number density Ogrange t0 the
baryon number density pp with

Pstrange = PK- + oA + Pz, 24)

where pg- is given by Eq. (18). The contribution from the
classical kaon part, pg-/pp, is shown by the short dashed line
in each figure.

For each curve in Figs. 14 and 15, only the quantity
corresponding to the lowest energy minimum state in the
(0, ps-/pp) plane is shown as a function of density, so
there are gaps in the quantities at the transition densities
pg(l)(K‘;noE‘) and p;(l)(K‘; ¥ 7). One can see competing
effects between kaon condensates and X~ hyperons: as the
former develops around the density pfg(l)(K ~;noXx "), the
latter is suppressed, while as the latter develops in the kaon-
condensed phase around the density pg(l)(K ~; X 7), the former
is suppressed.

Appearance of both kaon condensates and the ¥~ leads
to considerable suppression of the electron fraction, since
the negative charge of the electron is replaced by that of
kaon condensates and ¥~ hyperons. Accordingly, the charge
chemical potential p decreases with an increase in the
baryon number density through the relation p, = u3/(3m?). It
becomes even negative above the density pp = 0.77 fm~> for

(b) H-EOS(A) X kn=207 MeV
1.0 : : :
total negative
strangeness__ - -
///
/
/
) ,./
< o5t R i
Q , A
! p
- 2 ~
Le- K™ .le+
0.0 05 A0 T 15 2.0
pEc(@) (K7)
pg (fm=3)

FIG. 14. (Color online) Particle fractions p;/pp in the K~ -condensed phase as functions of pp for H-EOS (A) and (a) X, = 305 and

(b) g, =207 MeV.
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() H-EOS(B) X kn=207 MeV

total negative
strangeness
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-

0.5

P;/PB

FIG. 15. (Color online) Same as Fig. 14, but for H-EOS (B).

Skn = 305 MeV and pg = 1.06 fm™ for g, = 207 MeV
for both H-EOS (A) and (B). For < 0, the positrons (e™)
appear in place of the electrons.

At high densities, the protons, A, and X~ hyper-
ons are equally populated in the kaon-condensed phase,
ie., p,/pB, Pa/PB, Pz-/pp = 30-40%, whereas the neu-
trons almost disappear. The total negative strangeness ratio,
Pstrange/ PB, becomes larger with an increase in density. It
reaches almost unity for Xk, = 305 MeV and 0.8—0.9 for
Yk, = 207 MeV athigh densities for both H-EOS (A) and (B).
Such a high strangeness fraction implies a close connection
between the kaon-condensed phase in hyperonic matter and
strange matter where u, d, and s quarks are almost equally
populated in quark matter.

VI. SUMMARY AND CONCLUDING REMARKS

We have studied the s-wave kaon condensation realized
in hyperonic matter based on chiral symmetry for the kaon-
baryon interactions and taking into account the parametrized
effective interactions between baryons. We have concentrated
on the interrelations between kaon condensates and negatively
charged hyperons (X£7) and reexamined the validity of the
assumption of the continuous phase transition from the
noncondensed hyperonic matter to the K ~-condensed phase.
We have also discussed the EOS and the characteristic features
of the system for the fully developed kaon-condensed phase.

The validity of the continuous phase transition for kaon
condensation in hyperonic matter is summarized as follows.
In cases where the condition w = u [Eq. (1)] is satisfied at
PR = p;(z) (K7) in the presence of the X~ hyperons, there
exist, in general, two energy minima in the (6, px-/pp) plane
at some density intervals near the density ,02(2)(1( 7). One is the
noncondensed state with the X~ mixing (P’), and the other
is the K~ -condensed state without the ¥~ mixing (Q’). If
the density p§(2>(K ~) is located near the onset density of the
X7, p5(X7), the state P’ is alocal minimum or a saddle point,

and the state Q’ is the absolute minimum at pp = ,og(z)(K .
In this case, the assumption of the continuous phase transition
is not valid. Below ,02(2)(1( ~), there exists a typical density
pg(l)(K ~;noX ™) at which the energies of the two minima
become equal. Above the density ,og(l)(K ~;noX "), there is
a discontinuous transition from the state P’ to the state Q’.
On the other hand, if the density p;(z) (K7) is located high
enough above the density p4(X7), the state P’ is always
an absolute minimum. In this case, the assumption of the
continuous phase transition holds true, and the onset density
of kaon condensation is given by ,0;(2)([( ~), above which kaon
condensates develop continuously with increase in the baryon
number density.

When the condition w = p is satisfied in the absence
of the ¥~ hyperon, there exists a unique minimum of the
noncondensed state (P’) at a point (0,0) in the (0, ps-/pB)
plane, and the assumption of the continuous phase transition
is kept valid. The onset density is given by p;(z)(K ).

The above consequences on the validity of the continuous
phase transition are expected to be general and should also be
applied to cases where the other negatively charged hyperons
such as the cascade B~ are present in the noncondensed ground
state and where both the s-wave and p-wave kaon-baryon
interactions are taken into account [46].

In the fully developed phase with kaon condensates, there
exist two energy minima with and without the ¥~ mixing in
the (6, px-/pp) plane at some density intervals. At higher den-
sities, the ground state is transferred discontinuously from the
kaon-condensed state without the ¥~ mixing to that with the
¥~ mixing, except for the case of H-EOS (A) with the weaker
s-wave kaon-baryon attractive interaction. The EOS of the
kaon-condensed phase becomes considerably soft, since both
the kaon-baryon attractions and mixing of hyperons work to
lower the energy of the system. At higher densities, the stiffness
of the EOS is recovered because of the increase in the repulsive
interaction between baryons. As a result, in the case of the
stronger s-wave kaon-baryon attractive interaction (Xg, =
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305 MeV), there appears a local energy minimum as a density
isomer state, which suggests the existence of self-bound
objects with kaon condensates on any scale from an atomic
nucleus to a neutron star. Recently, deeply bound kaonic
nuclear states have been proposed theoretically, and much
discussion has been made about the experimental achieve-
ments with them [70-80]. In particular, the double and/or
multiple kaon clusters advocated in the recent experimental
proposal by way of invariant mass spectroscopy [72] may have
a close connection with our results of kaon-condensed self-
bound objects. These experimental searches for deeply bound
kaonic nuclear states may provide us with important infor-
mation on the existence of kaon condensation in high-density
matter.

In this paper, both kinematics and interactions associ-
ated with baryons are treated nonrelativistically. For more
quantitative consideration, one needs a relativistic framework.
Specifically, the s-wave kaon-baryon scalar attraction, which
is proportional to the scalar densities for baryons in the
relativistic framework, is suppressed at high densities because
of the saturation of the scalar densities [5]. This effect is
expected to make the EOS stiffer at high densities.

The kaon-condensed phase is important in understanding
the high-density QCD phase diagram from a hadronic picture
which we have taken over the relevant baryon densities.
At high densities, however, quark degrees of freedom may
appear explicitly. It has been shown in this paper that the
kaon-condensed phase in hyperonic matter leads to a large
(negative) strangeness fraction, pPgyrange/0p ~ 1. This result
suggests that the kaon-condensed phase in the hadronic picture
may be considered as a pathway to strange quark matter.
In a quark picture, a variety of deconfined quark phases
including color superconductivity have been elaborated [81].
In particular, kaonic modes may be condensed in the color-
flavor locked phase [82-85]. It would be interesting to clarify
the relationship between kaon condensation in the hadronic
phase and that in the quark phase and the possible transition
between the two phases [86].
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APPENDIX: ONSET CONDITIONS OF A AND X~
HYPERONS IN ORDINARY NEUTRON-STAR MATTER

We recapitulate how hyperons A and X~ appear in the
ordinary neutron-star matter composed of protons, neutrons,

PHYSICAL REVIEW C 77, 015810 (2008)

and leptons within the baryon-baryon interaction models H-
EOS (A) and (B). In particular, we compare onset mechanisms
of the hyperon mixing between H-EOS (A) and (B).

A. A-mixing

The condition of the A mixing in the noncondensed
neutron-star matter is given by Eq. (20b) with 6 = 0, that
is, Lp = W, with

320 )23
fia = % oMy Ve, (Ala)
N
3 2 " 2/3
)= % Y, (Alb)
N

together with w, =, + u [Eq. (20a) with 6 = 0] and the
charge neutrality condition, p, = p.

In Fig. 16, the baryon potentials V, and V,,, the chemical
potentials w, and u,, and the total energy per baryon £'/pp
are shown as functions of the A mixing ratio p,/pp at
the minimal baryon number density pj(A) above which the
A-mixing condition, @, = p,, is satisfied, for both H-EOS
(A) and (B). For H-EOS (A), the condition pp = w, is met
at pp/pp = 0, where £'/pp is a minimum. Therefore, the A
hyperon starts to be mixed continuously in the ground state of
(n, p, e”) matter at this density pj(A)(=0.340 fm~>), which
gives the onset density pgz(A). For H-EOS (B), however,
the condition wp = w, is met at a nonzero value of p,/pp
(=0.126), at which £’/ pp is alocal minimum, and the absolute
energy minimum still lies at p,/pp =0 [Fig. 16(b)]. In
this case, the A mixing starts at a slightly higher density
(~0.44 fm ) than p}(A)(=0.421 fm~?) with a nonzero value
of pa/ps.

In both H-EOS (A) and (B), the dependence of the chemical
potentials w, and pu, on the A-mixing ratio is closely
correlated to that of the respective baryon potentials V and V,,,
as seen in Figs. 16(a) and 16(b). In fact, the difference of the
onset mechanisms of the A mixing between the cases H-EOS
(A) and (B) stems from the difference of the dependence of
the baryon potentials on the A-mixing ratio between H-EOS
(A) and (B).

B. X~ -mixing
The condition of the ¥~ mixing in the noncondensed
(n, p, A, e7) matter is given by Eq. (20c) with 6 = 0, that
is, - = pn + p with

_ Grpx )

SMs~- Vs-,
My +oMg-N + Vs

(A2)

M-

and Eq. (A1b), together with i, = p, + u [Eq. (20a) with6 =
0], ua = w, [Eq. (20b) with & = 0], and the charge neutrality
condition, p, = p.
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FIG. 16. (Color online) Dependence of V,, V, (dashed lines), u, 1, (solid lines), and the total energy per baryon £'/pp (short dashed
line) on the A-mixing ratio p,/pp in the noncondensed neutron-star matter at the minimal baryon number density p}(A) above which the
A-mixing condition, u, = W,, is satisfied, for (a) H-EOS (A) and (b) H-EOS (B). See the text for details.

In Fig. 17, we depict the baryon potentials V- and V,,, the
difference of the £~ chemical potential and charge chemical
potential (us- — ), the neutron chemical potential w,, and
the total energy per baryon £'/pg as functions of the ¥~ -
mixing ratio px- / pp in the noncondensed (n, p, A, e”) matter
at the minimal baryon number density pj (X ™) above which the
¥ ~-mixing condition, ux- = u, + W, is satisfied, for H-EOS
(A) and (B). One finds the results on the onset mechanism
of the ¥~ mixing similar to the case of the A mixing. That
is, for H-EOS (A) [Fig. 17(a)], the onset density p5(X7) is
givenby p5(X7) = p3(X7)(=0.525 fm=3) with ps- /pg = 0,

H-EOS (A) PgC(£7)=0.525 fm™

(a)

300

250

200

(MeV)
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100

50

0.15 0.2 025 0.3
pP:-/pB

0 0.05 041

and the ¥~ -mixing ratio increases continuously from zero
with increase in the baryon number density. For H-EOS
(B) [Fig. 17(b)], the onset density p% (%7 )(~0.59 fm™3) is
slightly larger than the minimal density pj (3~ )(=0.575 fm—3)
satisfying the X~ -mixing conditions, and the X~ mixing
starts with a nonzero value of py-/pp. The dependence
of the chemical potentials uy- and p, on the ¥~ -mixing
ratio is correlated with that of the baryon potentials Vy-
and V,, respectively, which leads to the difference of the
onset mechanisms of the ¥~ mixing between H-EOS (A)
and (B).

- *(£7) = 0.575 fm™
300 H-EOS (B) PB (£7) m
(b)
250
200} ,
>
= 150
100
50
0 0.05 01 015 0.2 025 0.3
Ps-/pB

FIG. 17. (Color online) Dependence of the baryon potentials V-, V,, (dashed lines), the difference of the £~ chemical potential and charge
chemical potential, 5~ — u (solid line), the neutron chemical potential 1, (solid line), and the total energy per baryon £'/pp (short dashed
line) on the X~ -mixing ratio px-/pp in the noncondensed (n, p, A, e~) matter at the minimal baryon number density pj;(X~) above which
the £~ -mixing condition, ux- = u, + W, is satisfied, for (a) H-EOS (A) and (b) H-EOS (B). See the text for details.
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