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Abstract: Possibility of kaon-condensed phase in hyperon-mixed matter is considered as high-density multi-
strangeness system, which may be realized in neutron stars. The interaction model is based on chiral symmetry for
kaon-baryon and kaon-kaon interactions, being combined with the relativistic mean-field theory for two-body baryon-
baryon (B-B) interaction. In addition, the Lorentz invariant forms of many-baryon repulsive force (MBR) and three-
nucleon attractive force (TNA) are phenomenologically introduced, where unknown parameters are fixed to satisfy
the saturation properties of symmetric nuclear matter and the causality condition that the sound velocity should be
less than the speed of light. It is shown that the equation of state with kaon condensation in hyperon-mixed matter is
stiff enough to be consistent with recent observations of massive neutron stars.
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0 Introduction

Multi-strangeness phases in dense hadronic matter
have been one of important topics of hadron physics. Kaon
condensation (KC), Bose-Einstein condensation as a mac-
roscopic appearance of strangeness, has been attracting
much interest, and the characteristic features and its pos-
sible existence have been extensively studied from both
theoretical and observational or experimental Viewpoint[]_é].
In neutron stars, hyperons (Y) (Y = A, 2=, &~ --- ) may
be mixed in the ground state of hadronic matter. Both KC
and hyperon-mixed matter have common features: 1)
Softening of the equation of state (EOS) leading to reduced
maximum mass of neutron star and its radius, and 2) rapid
cooling mechanisms via neutrino emissions, affecting
thermal evolution of neutron stars. These KC and Y-mixed
phases are likely to coexist in inner cores of neutron stars.
We call the possible coexistent phase with KC and Y-mixed
matter as (Y + K ) phase. Both KC and Y-mixing lead to
significant softening of the EOS as a consequence of the
combined effects of decreasing energy by the s-wave K-ba-
ryon (B) attraction and avoiding the N-N repulsion at high
densities by Y—mixingm. The maximum mass of neutron
stars with the (Y+K) phase within the two-body B-B inter-
action only becomes too low to be compatible with obser-
vations of massive neutron stars(® 3],
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In the case of hyperon-mixed matter, the problem ori-
ginating from dramatic softening of the EOS has been
called “hyperon puzzle”. To resolve the hyperon puzzle, the
necessity of introducing the universal three-baryon repul-
sion (UTBR) among hyperons and nucleons (YYY, YYN,
YNN) as well as three-nucleon (NNN') force was pointed
out”> "4~151 For the (Y + K) phase, we have introduced the
UTBR, which has been derived based on the string-junc-
tion model-2 (SJM2) by Tamagaki[l‘HS], and we have
shown that the UTBR appropriately stiffen the EOS, con-
sistent with recent observations of massive neutron stars.
However, it has been shown that for some parameter sets
with the slope L of the symmetry energy, the EOS includ-
ing the SIM2 as the UTBR violates the causality condition,
i.e., the sound velocity v, exceeds the speed of light ¢,
beyond certain densities. Specifically, for L =60 MeV and
65 MeV, the causality condition is violated before a neutron
star gravitational mass reaches the maximum mass! 16171,

In this work, we assume a Lorentz-scalar form for UT-
BR as a necessary but not sufficient condition so as to satis-
fy the causality condition. We obtain a sufficient EOS for
the (Y+K) phase, which meets the saturation properties of
symmetric nuclear matter (SNM) and also is consistent
with recent observations of massive neutron stars. We clari-
fy how the causality condition affects stiffness of the EOS
with the (Y+K) phase. Modification of properties of the
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(Y+K) phase (onset density of KC, the EOS at high densit-
ies --- ) 1is also discussed.

1 Interaction model for the (Y+K) phase

1.1 K-B and K-K interactions in chiral symmetry

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 bary-
on number conservation. In the following, we simply take
into account protons, neutrons, A, 2~ , and 5=~ hyperons
for baryons and electrons and muons for leptons.

We base our model for K-B and K-K interactions upon
the effective chiral SU(3), x SU(3), Lagrangian[l’ 16-17],

1 .
Lis =Zf2 Tr(6"U',U)+

% FAgp(TrtM(U = 1) +h.c)+

Tr¥(iy"0, - Mp) ¥ + Tr Py [V, P1+

DTr¥y"y{A,, P} + FTr¥y"y (A, P+

a, TrP(EMIE+he )V +a, TrPP(EM'E+h.c)+
ay(TrMU +h.c)Tr¥ ¥ (1)

where the first and second terms are kinetic and mass terms
of the nonlinear meson fields, U =exp(2ir,T,/f) with m,
(a=1~28) being the octet mesons, T, the flavor SU(3)
generator, f (=93 MeV) the meson decay constant, A ¢,
~1 GeV the chiral-symmetry breaking scale, and M
(= diag(m,,m,,m,)) the quark mass matrix. The third term
in Eq. (1) is kinetic and mass terms of the octet baryons ¥
with My being the spontaneously broken baryon mass. The
fourth term represents the s-wave K-B vector interaction
with V, =1(£0,&+£9,£7) being the vector current for
meson & (= U'?) field. This term corresponding to the
Tomozawa-Weinberg term plays a role of one of the main
driving force for KC. The fifth and sixth terms ( F and D
terms), with A, = 1(£'0,£-£9,¢") being the axial-vector
current for meson, lead to the p-wave K-B interactions,
which we simply neglect here since only the s-wave con-
densation is considered. The last three terms with the coef-
ficients a, ~ a, in Eq. (1) give another driving forces for
KC, simulated by the K-B sigma terms (X, =
Lom, +m )bl +359)IbY)  (b=p,n,A, 2,5 ), which
break chiral symmetry explicitly. Throughout this paper,
we consider only the K* [= (x,¥in)/ V2] for x, and
nucleons (p, n),and A, 2=, & hyperons for ¥ .

The meson field U, &, and the baryon field ¥ are
transformed by chiral transformation as U — U’ = LUR",
EoE=LEn =héR', W - W =hPh', ¥ - ¥ =h¥Ph'.
with ReSUQB),, LeSU@B),, and h= VLUR'RVU?

e SuU@®), .

The condensed kaon field is assumed to be spatially
uniform with spatial momentum k=0 and represented
classically as

K*= %Gexp(iiukt) , 2)

where 6 the chiral angle, and u, is the K~ chemical po-
tential.

1.2 B- B interaction in the minimal RMF

We adopt the RMF model for two-body B- B interac-
tion mediated by the scalar (o, o*) mesons and vector
(w, p, ¢) mesons, discarding the nonlinear self-interact-
ing o, w, or w—p meson-coupling potentials[lg]. We call
this model a minimal RMF (MRMF)[Iﬁ].

1.3 Lorentz-invariant forms for universal three-bary-
on repulsion

Since a contribution from many-baryon forces to the
energy density, & (MBR), is of Lorentz scalar in the RMF,
we assume that a phenomenological form of the & (MBR)
is represented as a sum of power functions with m,n (=0,
1,---) in terms of baryon scalar density py (= (P¥)) and
product of baryon current density, (#y*¥)-(¥y,¥) . In the
following, the form with simple choice of m, n is utilized
as

&(MBR) = 3 ¢,,, (Trj)" (Tery"sr -y, 1))

—» & (CovMBR3) + & (CovMBR4) ®
with
& (CovMBR3) = c,0505 , (4a)
& (CovMBR4) = c,05[1 - exp(—n05)]
= C4py (npé - %nzp‘é +- ) . (4b)

where only the time component (u = 0) of the baryon num-
ber current, i.e., pg, is retained for the ground state matter,
and many-baryon forces participating more than three bary-
ons are imitated through the exponential factor
o exp(—1np3) , as seen from the second line on the r. h. s. of

Eq. (4b). In Eq. (4a), the baryon scalar density
pyl= X p|isgivenwith p)= 5= dﬂpl%)
B( bp.m A2 ) . boen \pls;[;.(l») (‘If‘ e
where M, is the effective baryon mass in KC,

M;=M,~g,,0—8,,0 -2 (1—cosf) . The energy dens-
ity expression for MBR, Eq. (3), is invariant under chiral
transformation, ¥ — ¥’ = h¥h', ¥ — ¥ = h¥Ph' .

The attractive contribution from the three-nucleon in-
teraction (TNA) is adopted as the same expression as
Lagaris and Pandharipande (LP1981)[19], while the relev-
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ant parameters 7,, v, in the TNA are modified according
to our model.

1.4 Energy expression for the (Y+K) phase

The energy density expression & for the (Y+K) phase
is given as

1
& =§(/1Kfsin9)2 + fPmL(1 —cos6)+

2

b=p,n,A,Z-,=-

1 1
3 (mf,a’2 +m.o 2) + 3 (mf)wé + m;Rf) + miqbf)) +
C3PpPs” + Cupil 1 —exp(—npp)]+

Yope 3 -2(1-2x ) +E,+ 8, , (5)

[ dIplpr + 31,7+

Ipl<pp(b)

2
(@2n)*

where the first and second terms are kinetic and mass terms
of KC, respectively. The third term is the kinetic energy
density for baryons b. The o and o (~(5s)) in the
fourth term are the contribution from the scalar mean fields,
and the w,, R, [=R;, which is assumed to have only the
third component of isospin], and ¢, ~ (5y°s)) in the fifth
term are from the time-components of the vector mean
fields. They are taken to be uniform to describe the ground
state of the (Y+K) phase. The meson masses are set to be
m, =400 MeV, m,. =975 MeV, m, =783 MeV, m,= 769
MeV, and m,= 1 020 MeV. The sixth and seventh terms
are from MBR [(3)], and the eighth term from the TNA.
The last two terms are the free leptonic (e~ and u~) en-
ergy densities:

&, = /(4% (6)

_ 2 3 2 2172
&= Gy [ dlpiapP +m)

IpI<pp(u)
m4
- 8_”2[r(1 +2) VP +1-logr+ VP + D] (7)
Us

with r= pp(u”)/m, , where

pr(u) = \Ju2 —m2-OW’ —m;)

is the muon Fermi momentum with the charge chemical po-
tential ¢ and the step function ©(x). It is to be noted that
the electrons are ultra-relativistic, since the typical electron
momentum is much larger than the electron rest mass in the
core of neutron stars.

The effective energy density is constructed by taking
into account charge conservation and baryon number con-
servations as & = E+pup, +vpy , where u is the charge
chemicl potential, p, the charge density, v the baryon nu-
mer chemical potential. The classical field equation for KC
reads from 6ET/96=10:

1 -
proos-mi+— > Tyl +epilp b))+

f2 b=p,n,A,E~, 2~
2u, X, =0, (®)
Pp(b)

where 1(p,(b)) = Of d|P|\/“:Z|:—M;Z, and X E#(PP‘F%P,F

%P; - p;) , which has an attractive contribution from the
s-wave K- B vector interaction for X, > 0. From Eq. (8)
one can see that the s-wave K - B attractive scalar interac-
tion simulated by the Kb sigma terms, 2, , is enhanced
by the introduction of CovMBR3 through the 6-depend-
ence of the baryon scalar density p;, in the & (CovMBR3)
[Eq. (4)].

The ground state energy for the (Y + K ) phase is ob-
tained under the charge neutrality condition, A&T/du =
Po =P, Ps —P=z —Px- —P,—p, =0, baryon number con-
servation, 9E""/dv=p,+p,+p,+py +pz =py, and B-
equilibrium conditions, n<=p+K , n=p+e(+9,)),
n+e =2(+v,), A+e =5 (+v,), n=A(+v,7,), and
those involved in muons in place of e~ if muons are
present.

1.5 Saturation properties in SNM and parameters

In order to determine the meson-nucleon coupling
constants, g,y , &,y » & »and the o, w mean fields, (o),
{w,), , and parameters in TNA, n,, vy, , we impose the sat-
uration properties of the symmetric nuclear matter (SNM),
i.e., the saturation density p,=0.16 fm™3, binding energy =
16.3 MeV, the incompressibility K= 240 MeV, symmetry
energy S,= 31.5 MeV, and the slope L [=3p,
(dS (og)/ de)ppr 1= (60~70) MeV, taking into account the
ambiguity of the empirical value of the L1 Also the
equations of motion for the meson mean-fields are im-
posed:

m, XYy = D 8 (o) + o3 (pr(B))

N ©)
m, <0.)0>0 = Z P -
b=pan

In addition, the c;, ¢, and 7 is determined so as to
give the p,-dependence of the energy contribution from
the many-nucleon repulsion, £ (TNR) (=& (MBR)/p;),
similar to that in LP (1981)!°), in particular, being set to
the same value at p, [ E(TNR), =3.52 MeV] as LP (1981).
For the meson-hyperon (Y ) coupling constants, the
vector meson couplings for Y are obtained from the vector-
nucleon couplings gy, &, &, throughthe SU(6) sym-
metry relations. The scalar (o, o*) meson-hyperon coup-
lings are determined from the phenomenological analyses
of recent hypernuclear experiments. The o-Y coupling
constants are obtained so as to reproduce the potential
depth of the hyperon Y (= A,&7,27), VY, in the SNM.
The values of the V) are set to be Vi =-27 MeV, Vil =
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23.5 MeV, and VY = -14 MeV, from which one obtains
8on> 8,5, and g .., respectively. The o*-Y coupling
constants are simply taken from Refs. [16, 18]. In Table 1,

Table 1

The parameters ¢, , c,, n for the CovMBR3, 4, and v, , 7, for TNA, the coupling constants, g_., g.x» &

the relevant coupling contants and other parameters are lis-
ted. See Ref. [18] for details of obtaining the meson-Y
coupling constants.

N the meson

mean-fields, (o),, (w,),, and the effective mass ratio for the nucleon, (My/M,),, in the SNM at p, in the case of L = 70
MeV. The o -Y coupling constants (Y = A, 2=, =~ ) determined from the potential depths for ¥ in the SNM are also listed.

¢y/MeV-fm™®) ¢, /(MeV-fm™) p/fm® y,/(MeV-fm©) n,/fm® Eon

8un 8N (0)y/MeV  (wy),/MeV (MyIMy)y  8oa 8oz 8oz~

0.626 2.50 0.240 -1622.97 18.52  5.81

9.30 3.35 42.86 18.66 0.73 359 241 194

2 Results

2.1 Energy per particle in SNM

In Fig. 1, the total energy per nucleon, E (total)
(= &/pg ), and each energy contribution are shown as func-
tions of p, in SNM (solid lines), obtained by the
(MRMF+MBR+TNA) model in the case of the slope L =
70 MeV. E (TNR) [= & (MBR)/ p; = (& (CovMBR3) +
& (CovMBR4))/ p, ] is the contribution from many-baryon
repulsion coming from mainly three-nucleon-repulsion, E
(TNA) [= E(TNA)/ pg ] from the three-nucleon attraction,
and E (two-body) is the sum of baryon kinetic energy and
two-body (meson-B) interaction energy. For comparison,
those obtained from LP (1981)[19] are shown by the dashed
lines. One can see that the energy contributions from the
TNR and TNA, for not only around p, but also over the
relevant densities, are quantitatively close to those in LP
(1981). It should be noted that the energy contribution from
the CovMBR3 (dot-dashed line) is saturated at higher dens-
ity pg~ 0.7fm 3, reflecting the density dependence of pj,
in the RMF. On the other hand, the one from the CovMBR4
(two-dotted-dashed line) increases with density monotonic-
ally and it surpasses the CovMBR3 beyond the density
0.65 fm 3.

(MeV) : L=
200 This work : L =70 MeV
————— Lagaris and Pandharipande
150 | (1981) E(total)
100 ¢
“CovM[BR4
50t L
v 7«5~ ~" " TovMBR3
o E(TNA) = 7_~7;”" E(two—body)

p‘l pB/ fm

Fig. 1  (color online) The total energy per nucleon, E
(total) (=&/pg ), and each energy contribution as func-
tions of p, in SNM (solid lines), obtained by the
(MRMF+MBR+TNA) model in the case of the slope
L =70 MeV. For comparison, those obtained from LP

(1981)[19] are shown by the dashed lines.

The contribution from the “two-body” interaction, E
(two-body), is largely affected by the choice of L through
the isospin-dependence of the TNA [the last term in Eq.
(5)]- In the case of L= 70 MeV, E (two-body) becomes
large at large densities > 0.4 fm >, reflecting the repulsive
interaction brought about by the w-meson exchange
between baryons, as compared with the E (two-body) for
LP(1981), which is based on the standard variational meth-
od. At higher densities p; 2 0.7 fm>, the two-body contri-
bution to the repulsive energy is comparable to the FE
(TNR). Therefore the repulsive contribution of E (two-
body) is important for stiffening the EOS at high densities
as well as E (TNR).

2.2 Bulk properties of neutron stars with the (Y+K)
phase and causality condition

The gravitational mass M to radius R relations after
solving the Tolman-Oppenheimer-Volkoff equation for L =
70 MeV and 2, =300 MeV, obtained with the nonlinear
chiral effective Lagrangian + MRMF+MBR+TNA model,
is shown as the red line in Fig. 2. Some observational
ranges for gravitational massl!!> 131 and for gravitational
mass and radius from NICER (Neutron star Interior Com-
position ExploreR)[21_22] are shown. The point at which
the (Y+K) phase appears in the center of the core is de-
noted as a red point. For comparison, those in the previous
results are shown, where the universal three-baryon repul-
sion (UTBR) based on the String Junction Model-2114715]
(SJM2) is utilized in place of CovMBR3+CovMBR4, for
L = (60, 65, 70) MeV and X, = (300, 400) MeV!!7]. The
branches including KC in the core are denoted as the black
bold solid lines (blue thin solid lines) for 2, = 300 MeV
(400 MeV). In addition, the branch with pure Y -mixed
matter, where KC is switched off by setting 6=0, is
shown by the green dashed line for each case of L. One can
see from Fig. 2 that the present result with L =70 MeV al-
most coincides with the previous one with L = 65 MeV. It
is due to the fact that enhancement of the s-wave K- B at-
tractive scalar interaction by the introduction of CovMBR3
in Eq. (8) makes up with the difference of repulsion from
the two-baryon interaction between the case of L = 70
MeV in the present model and that of L = 65 MeV in the
previous model.
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23 ™ S Maximum mass X Causal limit neutron-star mass reaches the maximum mass (= 2.12 M)
| PSR J1810+1744 L7 70 Mev for L =70 MeV and X, =300 MeV in the present model.
wl = ‘ 6620 In the previous case, the causality condition is fulfilled for a
larger value of L, e.g. L =70 MeV until the mass reaches
the maximum mass, while it is violated for L = 60 MeV
@1'5 I and 65 MeV before the mass reaches the maximum
§ s work mass[16](see also Fig. 2) It is to be notéd that the Lorentz
L.ofF scalar form of the MBR is necessary but is not sufficient for
— 2 = 300 MeV the fulfillment of causality condition. Indeed the many-ba-
05 _Prev“’us;esiﬂ;;s]l\l:[ﬂ\)/ ryon repulsion more than two-body force eventually leads
_ Zi; 100 MZV to violation of the causality condition for sufficiently high
— — — Pure hyperon—mixed matter baryon densities. But in this work, the density at the causal

0.0 . : . > :

8 9 10 11 12 13 14
R/km

Fig. 2 (color online) The gravitational mass M to radius R
relations after solving the Tolman-Oppenheimer-
Volkoft equation for L = 70 MeV and %, = 300
MeV, obtained with MRMF+MBR+TNA (the red line).
For comparison, the previous results with the use of
String-Junction Model-2[14713] (SJM2) in place of
CovMBR3+CovMBR4 for L = (60, 65, 70) MeV and
2, = (300, 400) MeV!!] are shown by the black or
blue solid lines. See the text for details.

M

Mmax

ith CovTBR
. =300Mev Y

1.0 7

this work

v/c

0.5

O'OOAO

Fig.3 (color online) Sound velocity vy = (%);ﬁz in the unit
of the light velocity ¢ as a function of baryon number
density pp for L =70 MeV and %, =300 MeV (the
red line). For comparison, the previous results with the
use of String-Junction Model-2[14131 (SIM2) in place
of CovMBR3+CovMBR4 for L = (60, 65, 70) MeV
and X, =300 MeVU] are shown by the dotted, solid,
and dashed lines, respectively. See the text for details.

. . dpP 172 . .
In Fig. 3, sound velocity v, = (E)d . 1n the unit of the

light velocity ¢ is shown as a function of baryon number
density p, for L =70 MeV and X, =300 MeV (the red
line). For comparison, the ones with the SIM2 model for
the UTBRI'®) are shown for L = 60 MeV (the dotted line),
65 MeV (the solid line), and 70 MeV (the dashed line). In
the present result, the causality condition is fulfilled at least

limit shifts to a high density beyond the density at the cen-
ter of compact stars with maximum mass. There are two
cusps for every branch in Fig. 3. The lower density one (the
higher density one) corresponds to onset of A hyperon-
mixing (onset of KC), As density increases, the sound velo-
city v, in hadronic matter becomes large and approaches
the light velocity ¢ due to the repulsive B- B interaction.
This result should be compared with the case of hadron-
quark crossoverl?3].

3 Summary and outlook

Lorentz-scalar form of the TBR extended to many ba-
ryon forces (Covariant MBR) has been phenomenologic-
ally obtained, combined with the nonlinear chiral effective
Lagrangian + MRMF+MBR+TNA, in order that the EOS
should be consistent with saturation properties of SNM,
causality condition, and observations of massive compact
stars. In order to be consistent with causality condition, the
two-body contribution to the repulsive energy ought to be
comparable to the E (TNR) at higher densities p; 2 0.7
fm 3. Otherwise the dominant contribution of E (MBR)
over E (two) leads to violation of the causality condition.
With the covariant MBR, the EOS including the (Y+K)
phase predicts higher L (~70 MeV) in order to obtain
bulk properties of neutron stars similar to the previous case
with L =65 MeV by the use of the SIM2 model.

As an outlook, it is suggested from heavy-ion colli-
sion experiment that the EOS in SNM or in pure neutron
matter may be softer for p, =(2~4.5) p, (241, Pion condens-
ation (PC), which may be realized at rather low densities
Py 2 2p,, may have a role as softening mechanisms of the
EOS at relevant densities!?]. Possible coexistence of PC and
KC (7-K condensation) may be a realistic form of hadronic
phase.

With regard to cooling of neutron stars, baryon super-
fluidity in the presence of KC or #-K condensation is
needed to consider on an equal footing as well as neutrino
emissivity due to the Kaon-induced Urca process in order
to suppress too rapid neutrino emissivities in meson con-
densates.
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In order to clarify the existence of the (Y + K ) phase,
various new phenomena unique to the (Y +K) phase
should be made clear, for example, response to rotation and
strong magnetic field of KC as superconductivity, and re-
sponse of KC to radial/nonradial oscillations of compact
stars.

Recently, hadron-quark crossover has been studied ex-
tensively to obtain massive compact stars compatible with
observations>> 2] In this context, possible connection of
hadronic matter including the (Y + K) phase with quark
matter at high densities is indispensable. Unified descrip-
tion of meson condensation in both phases is also an im-
portant subject.

References:

[1] KAPLAN D B, NELSON A E. Phys Lett B, 1986, 175: 57.

(2] MUTO T, TAMAGAKI R, TATSUMI T. Prog Theor Phys Suppl,
1993, 112: 159; MUTO T, TAKATSUKA T, TAMAGAKIR, et al.
Prog Theor Phys Suppl, 1993, 112: 221.

(3] THORSSON V, PRAKASH M, LATTIMER J M. Nucl Phys A,
1994, 572: 693. Nucl Phys A, 1994, 574: 851.

[4] KOLOMEITSEV E E, VOSKRESENSKY D N, KAMPFER B.
Nucl Phys A, 1995, 588: 889.

[5] LEE CH, BROWN G E, MIN D P, et al. Nucl Phys A, 1995, 585:
401.

[6] GLENDENNING N K, SCHAFFNER-BIELICH J. Phys Rev C,
1999, 60: 025803; GLENDENNING N K. Phys Rep, 2001, 342:
393.

[7] NISHIZAKI S, YAMAMOTO Y, TAKATSUKA T.Prog Theor
Phys, 2002, 108: 703.

(8] DEMOREST P B, PENNUCCI T, RANSOM S M, et al. Nature,
2010, 467: 1081.

[9]

[10]

(11]

[12]

[13]

[14]
[15]

[16]

[17]
[18]

[19]

[20]

[21]

[22]

23]
[24]

[25]

[26]

FONSECA E, PENNUCCI T T, ELLIS J A, et al. Astrophys J,
2016, 832: 167.

ANTONIADIS J, FREIRE P C C, WEX N.et al. Science, 2013,
340: 6131.

CROMARTIE H T, FONSECA E, RANSOM S M, et al. Nat As-
tron, 2020, 4: 72.

FONSECA E, CROMARTIE H T, PENNUCCI T T, et al. Astro-
phys J L, 2021, 915: L12. arXiv: 2104.00880.

ROMANI R W, KANDEL D, FILIPPENKO A V, et al. Astrophys
JL,2021,908: L46.

TAMAGAKI R. Prog Theor Phys, 2008, 119: 965.

TAKATSUKA T, NISHIZAKI S, TAMAGAKI R. AIP Conf Proc,
2008, 1011: 209.

MUTO T, MARUYAMA T, TATSUMI T. Phys Lett B, 2021, 820:
136587.

MUTO T. to be submitted.

MUTO T, MARUYAMA T, TATSUMI T. Prog Theor Exp Phys,
2022, 2022: 093D03.

LAGARIS 1 E, PANDHARIPANDE V R. Nucl Phys A , 1981,
359: 349.

OERTEL M, HEMPEL M, KAHN T, et al. Rev Mod Phys, 2017,
89: 015007.

RILEY T E, WATTS A L, BOGDANOV 8, et al. Astrophys J,
2019, 887: L21.

MILLER M C, LAMB F K, DITTMANN A J, et al. Astrophys J,
2019, 887: L24.

KOJO T. Phys Rev D, 2021, 104: 074005.

DANIELEWICZ P, LACEY R, LYNCH W G. Science, 2002, 298:
592.

MASUDA K, HATSUDA T, TAKATSUKA T. Astrophys J, 2013,
764: 12; PTEP, 2016. 2: 021DO01.

BAYM G, HATSUDA T, KOJO T, et al. Rept Prog Phys, 2018, 81:
056902.

ERZRFI TEF=FNX KN FREBRIRSHIERSFN

B 7 D
(T Tl K==y R, HA T 275-0023)

WE: ZRETREMAFHFEEKNTHRRMEET oM, X

%

.
< =
G

FELTRAGTREETHTENI. BERNR,

ETKNT-ETHKNTKANFHEERNFESKRE, 67 KET-ET (B-B) HEEAHEMTEFHT
i, ATERRTHEEASE, LFERFIAT 2ETHAFA (MBR) =& TF547 (TNA) HWERZTE
BR, MARNSEERAFE R EfERfERNTLROEAREHXTAR. EREA, AETRAVWAF
AAKNTREONRSARRAEE, LT EWFTERESRANARE T TENNNER 2.

KRR REFBRTOG KNTEHERE; RETE; BRXA

im B HA: 2023-12-12; &2 HHA: 2024-03-18
1) E-mail: takumi.muto@it-chiba.ac.jp


https://doi.org/10.1016/0370-2693(86)90331-X
https://doi.org/10.1016/0370-2693(86)90331-X
https://doi.org/10.1016/0370-2693(86)90331-X
https://doi.org/10.1016/0370-2693(86)90331-X
https://doi.org/10.1016/0370-2693(86)90331-X
https://doi.org/10.1016/0370-2693(86)90331-X
https://doi.org/10.1016/0370-2693(86)90331-X
https://doi.org/10.1016/0370-2693(86)90331-X
https://doi.org/10.1016/0370-2693(86)90331-X
https://doi.org/10.1016/0370-2693(86)90331-X
https://doi.org/10.1016/0370-2693(86)90331-X
https://doi.org/10.1016/0375-9474(95)00084-E
https://doi.org/10.1016/0375-9474(95)00084-E
https://doi.org/10.1016/0375-9474(95)00084-E
https://doi.org/10.1016/0375-9474(95)00084-E
https://doi.org/10.1016/0375-9474(95)00084-E
https://doi.org/10.1016/0375-9474(95)00084-E
https://doi.org/10.1016/0375-9474(95)00084-E
https://doi.org/10.1016/0375-9474(95)00084-E
https://doi.org/10.1016/0375-9474(95)00084-E
https://doi.org/10.1016/0375-9474(95)00084-E
https://doi.org/10.1016/0375-9474(95)00084-E
https://doi.org/10.1016/0375-9474(94)00623-U
https://doi.org/10.1016/0375-9474(94)00623-U
https://doi.org/10.1016/0375-9474(94)00623-U
https://doi.org/10.1016/0375-9474(94)00623-U
https://doi.org/10.1016/0375-9474(94)00623-U
https://doi.org/10.1016/0375-9474(94)00623-U
https://doi.org/10.1016/0375-9474(94)00623-U
https://doi.org/10.1016/0375-9474(94)00623-U
https://doi.org/10.1016/0375-9474(94)00623-U
https://doi.org/10.1016/0375-9474(94)00623-U
https://doi.org/10.1143/PTP.108.703
https://doi.org/10.1143/PTP.108.703
https://doi.org/10.1143/PTP.108.703
https://doi.org/10.1143/PTP.108.703
https://doi.org/10.1143/PTP.108.703
https://doi.org/10.1143/PTP.108.703
https://doi.org/10.1143/PTP.108.703
https://doi.org/10.1143/PTP.108.703
https://doi.org/10.1143/PTP.108.703
https://doi.org/10.1143/PTP.108.703
https://doi.org/10.1143/PTP.108.703
https://doi.org/10.1143/PTP.108.703
https://doi.org/10.1038/nature09466
https://doi.org/10.1038/nature09466
https://doi.org/10.1038/nature09466
https://doi.org/10.1038/nature09466
https://doi.org/10.1038/nature09466
https://doi.org/10.1038/nature09466
https://doi.org/10.1038/nature09466
https://doi.org/10.1038/nature09466
https://doi.org/10.1038/nature09466
https://doi.org/10.1038/nature09466
https://doi.org/10.3847/0004-637X/832/2/167
https://doi.org/10.3847/0004-637X/832/2/167
https://doi.org/10.3847/0004-637X/832/2/167
https://doi.org/10.3847/0004-637X/832/2/167
https://doi.org/10.3847/0004-637X/832/2/167
https://doi.org/10.3847/0004-637X/832/2/167
https://doi.org/10.3847/0004-637X/832/2/167
https://doi.org/10.3847/0004-637X/832/2/167
https://doi.org/10.3847/0004-637X/832/2/167
https://doi.org/10.3847/0004-637X/832/2/167
https://doi.org/10.1126/science.1233232
https://doi.org/10.1126/science.1233232
https://doi.org/10.1126/science.1233232
https://doi.org/10.1126/science.1233232
https://doi.org/10.1126/science.1233232
https://doi.org/10.1126/science.1233232
https://doi.org/10.1126/science.1233232
https://doi.org/10.1126/science.1233232
https://doi.org/10.1126/science.1233232
https://doi.org/10.1126/science.1233232
https://doi.org/10.1038/s41550-019-0880-2
https://doi.org/10.1038/s41550-019-0880-2
https://doi.org/10.1038/s41550-019-0880-2
https://doi.org/10.1038/s41550-019-0880-2
https://doi.org/10.1038/s41550-019-0880-2
https://doi.org/10.1038/s41550-019-0880-2
https://doi.org/10.1038/s41550-019-0880-2
https://doi.org/10.1038/s41550-019-0880-2
https://doi.org/10.1038/s41550-019-0880-2
https://doi.org/10.1038/s41550-019-0880-2
https://doi.org/10.1038/s41550-019-0880-2
https://doi.org/10.1038/s41550-019-0880-2
https://doi.org/10.1038/s41550-019-0880-2
https://arxiv.org/abs/2104.00880
https://doi.org/10.3847/2041-8213/abe2b4
https://doi.org/10.3847/2041-8213/abe2b4
https://doi.org/10.3847/2041-8213/abe2b4
https://doi.org/10.3847/2041-8213/abe2b4
https://doi.org/10.3847/2041-8213/abe2b4
https://doi.org/10.3847/2041-8213/abe2b4
https://doi.org/10.3847/2041-8213/abe2b4
https://doi.org/10.3847/2041-8213/abe2b4
https://doi.org/10.3847/2041-8213/abe2b4
https://doi.org/10.3847/2041-8213/abe2b4
https://doi.org/10.3847/2041-8213/abe2b4
https://doi.org/10.3847/2041-8213/abe2b4
https://doi.org/10.1143/PTP.119.965
https://doi.org/10.1143/PTP.119.965
https://doi.org/10.1143/PTP.119.965
https://doi.org/10.1143/PTP.119.965
https://doi.org/10.1143/PTP.119.965
https://doi.org/10.1143/PTP.119.965
https://doi.org/10.1143/PTP.119.965
https://doi.org/10.1143/PTP.119.965
https://doi.org/10.1143/PTP.119.965
https://doi.org/10.1143/PTP.119.965
https://doi.org/10.1143/PTP.119.965
https://doi.org/10.1063/1.2932290
https://doi.org/10.1063/1.2932290
https://doi.org/10.1063/1.2932290
https://doi.org/10.1063/1.2932290
https://doi.org/10.1063/1.2932290
https://doi.org/10.1063/1.2932290
https://doi.org/10.1063/1.2932290
https://doi.org/10.1063/1.2932290
https://doi.org/10.1063/1.2932290
https://doi.org/10.1063/1.2932290
https://doi.org/10.1016/j.physletb.2021.136587
https://doi.org/10.1016/j.physletb.2021.136587
https://doi.org/10.1016/j.physletb.2021.136587
https://doi.org/10.1016/j.physletb.2021.136587
https://doi.org/10.1016/j.physletb.2021.136587
https://doi.org/10.1016/j.physletb.2021.136587
https://doi.org/10.1016/j.physletb.2021.136587
https://doi.org/10.1016/j.physletb.2021.136587
https://doi.org/10.1016/j.physletb.2021.136587
https://doi.org/10.1016/j.physletb.2021.136587
https://doi.org/10.1093/ptep/ptac115
https://doi.org/10.1093/ptep/ptac115
https://doi.org/10.1093/ptep/ptac115
https://doi.org/10.1093/ptep/ptac115
https://doi.org/10.1093/ptep/ptac115
https://doi.org/10.1093/ptep/ptac115
https://doi.org/10.1093/ptep/ptac115
https://doi.org/10.1093/ptep/ptac115
https://doi.org/10.1093/ptep/ptac115
https://doi.org/10.1093/ptep/ptac115
https://doi.org/10.1103/RevModPhys.89.015007
https://doi.org/10.1103/RevModPhys.89.015007
https://doi.org/10.1103/RevModPhys.89.015007
https://doi.org/10.1103/RevModPhys.89.015007
https://doi.org/10.1103/RevModPhys.89.015007
https://doi.org/10.1103/RevModPhys.89.015007
https://doi.org/10.1103/RevModPhys.89.015007
https://doi.org/10.1103/RevModPhys.89.015007
https://doi.org/10.1103/RevModPhys.89.015007
https://doi.org/10.1103/RevModPhys.89.015007
https://doi.org/10.3847/2041-8213/ab481c
https://doi.org/10.3847/2041-8213/ab481c
https://doi.org/10.3847/2041-8213/ab481c
https://doi.org/10.3847/2041-8213/ab481c
https://doi.org/10.3847/2041-8213/ab481c
https://doi.org/10.3847/2041-8213/ab481c
https://doi.org/10.3847/2041-8213/ab481c
https://doi.org/10.3847/2041-8213/ab481c
https://doi.org/10.3847/2041-8213/ab481c
https://doi.org/10.3847/2041-8213/ab481c
https://doi.org/10.3847/2041-8213/ab50c5
https://doi.org/10.3847/2041-8213/ab50c5
https://doi.org/10.3847/2041-8213/ab50c5
https://doi.org/10.3847/2041-8213/ab50c5
https://doi.org/10.3847/2041-8213/ab50c5
https://doi.org/10.3847/2041-8213/ab50c5
https://doi.org/10.3847/2041-8213/ab50c5
https://doi.org/10.3847/2041-8213/ab50c5
https://doi.org/10.3847/2041-8213/ab50c5
https://doi.org/10.3847/2041-8213/ab50c5
https://doi.org/10.1088/1361-6633/aaae14
https://doi.org/10.1088/1361-6633/aaae14
https://doi.org/10.1088/1361-6633/aaae14
https://doi.org/10.1088/1361-6633/aaae14
https://doi.org/10.1088/1361-6633/aaae14
https://doi.org/10.1088/1361-6633/aaae14
https://doi.org/10.1088/1361-6633/aaae14
https://doi.org/10.1088/1361-6633/aaae14
https://doi.org/10.1088/1361-6633/aaae14
https://doi.org/10.1088/1361-6633/aaae14
mailto:takumi.muto@it-chiba.ac.jp
mailto:takumi.muto@it-chiba.ac.jp

	0 Introduction
	1 Interaction model for the (Y+K) phase
	1.1<i>K</i>-<i>B</i><i>and</i><i>K</i>-<i>K</i><i>interactionsinchiralsymmetry</i>
	1.2<i>B</i>-<i>B</i><i>interactionintheminimalRMF</i>
	1.3 Lorentz-invariant forms for universal three-baryon repulsion
	1.4 Energy expression for the (Y+K) phase
	1.5 Saturation properties in SNM and parameters

	2 Results
	2.1 Energy per particle in SNM
	2.2 Bulk properties of neutron stars with the (Y+K) phase and causality condition

	3 Summary and outlook
	参考文献

