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1. Introduction 1-1 Multi-strangeness system
in hadronic matter

IIn neutron-stars ‘

hyperonic matter Strange matter
(N2, =, -~ \ . ___—(u,d, s quark matter )
> Kaon condensation

in the ground state - - -
8 ) Bose-Einstein condensation of kaons (K")

*Softening of EOS  *Rapid cooling of neutron stars
» Coexistence of antikaons and hyperons

Toward unified description based on the same
In nuclei Kaon-baryon(B), B-B interaction model.

Kaonic nuclei | [ Y.Akaishi and T.Yamazaki, Phys.Rev. C65 (2002) 044005. ]
_ ) ) 1 relativistic mean-field theory (RMF)
Multi-Antikaonic Nuclei [T. Muto, T. Maruyama and T. Tatsumi,

Phys. Rev. C79, 035207 (2009). |
- Coexistence of antikaons [T. Muto, T. Maruyama and T. Tatsumi,
and hyperons Genshikaku Kenkyu 57 Supplement 3, 230(2013).]




Finite nuclei
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We consider
coexistence of kaon condensation with hyperonic matter

1n neutron stars

based on the RMF model

coupled with nonlinear effective chiral Lagrangian,
which is the same interaction model as used for

multi-antikaonic nuclear bound states with hyperon-mixing
for finite nuclei

[T. Muto, T. Maruyama and T. Tatsumi, Phys. Rev. C79,035207 (2009).
Genshikaku Kenkyu 57 Supplement 3, 230(2013). |

Consistency with observation of massive neutron stars

[ P. Demorest, T.Pennucci, S. Ransom,
M(PSR J1614-2230) =1.97 £ 0.04 M® M. Roberts and J.W.T.Hessels,
Nature 467 (2010) 1081.]
[J. Antoniadis et al.,
Science 340, 6131 (2013).]

M(PSR J0348+0432) = (2.01 = 0.04) Mg

2. Outline of the model 2-1. Baryon-Baryon interaction

Baryons: (p,n, A, X7,27)
Mesons: o,w,p,07,® Relativistic mean-field theory

Lpy = ZE(?:"/#D# —mp)B + % (8"00u0 — m2a2) U(o) + % (8#0"0u0™ — mg.a*z)
B
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4F Fuw myp(r) = mp — g,po(r) — go-po™(r)

D* = 0" + igupw” +ig,pT - B* + igspd" + iQA"




pccigutoiRdaiinfCB O @El Hyperon potentials deduced

( analysis of A single-particle orbitals jrom hypernuclear é}bxperiments

U (o) = —9oa0 + guawo = —27 MeV |— (g, = 3.84

/ 7 — N\‘:
[J. Dabrowski, Phys. Rev. C60 (1999),025205. ] Vs (ks:) = Vo(ks) — 5Valks) - —

*(mr, K*%) at KEK 23.5MeV 80.4 MeV
[ H. Noumi et al., , Phys. Rev. Lett. 89 (2002), 072301; ibid 90(2003), 049902(E). |

-analysis of 2’ - atoms : repulsivg C.J. Batty, E. Friedman, A. Gal,
Phys. Rep. 287 (1997), 385. ]

[ T. Fukuda et al., Phys. Rev. C58 (1998), 1306. , ‘
P. Khaustov et al., Phys. Rev. C61 (2000), 054603. ] |

~

2-2 K-B.K - K 1nteraction
K-B,K-K Interactions [ D. B. Kaplan and A. E. Nelson,
SU(3); x SU(3)y chiral effective Lagrangian Phys. Lett. B 175 (1986) 57. ]

L=1fTr0"S" 8,5+ f* Arss( TrM(E 1) +h.c) ‘Baryons |
R — - . \I‘[ > (p’ n,
A TrTGF —ms) ¥+ Tr iy Vo, 14+ DTr Ty {Au, T AELS)

+ FTr &y [Au, U1+ a TrT(EM T E+hc) ¥
N
+ @ TrTU(EMTé+h.c.)+ as(TrME +he.)Tr TF . EM = diag(maw, mg, mu)

Mesonﬁelds(K“—“) 3 = eQiH /f Vector current V# — %@Taug + f@#{f)
1 0 0KT Axial-vector current A — %(5@“5 — coreh

Il = 7wl = —= 0O 0 O
V2\ k=0 0 (¢= si1/2 _ imaTa/f )

Classical K- field _ Meson decay constant

K* = %Gexp(j:iuxt) f =93 MeV
Uy : kaon chemical potential
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Kaonic part of the Lagrangian density

1 sin6)° + - l_(s%gf —\2 - 2
Lyxp = {1+ (——) $0"KT9,K +—{(K+6pK) +(K G#K‘”)}

2 ) 2 f20?
) in(6/2)\?
— {m;\.- = 2my(goxo + gg-}\-g*)} (SIHG(/Q/ )) K+tK-
S wave scalar int. . 2
sin(6/2
+ i(gurwo + gox Ro + gox do) ( 9(/2/ )) (K"0uK™ —0,K"K")
S wave vector int.

Effect of A(1405) and range terms

\K- 7
N P
s A (1405) - 9
+ O(w”)
g
p
Energy correction
1 ; 92- ma —my — [
Ae= — sm92[3{d+ A }
z(f/i ) [P 212 (mp- —my — p)2 + 2.
+ dnp; + dapp + ds-p5- + d=- pg_]
) Effective b
d, = (d1 + dp)/(2f?) = d=- ective baryon masses
d, = di/(2f?) = ds- determined to reproduce

the on-shell S-wave KN scattering lengths
dy = (0.351 — Sgn/mk)/(f2mx)

m) d, = (0.130 — Zgn/mk)/(f*mk)
gr- = 0.583 71 =12.4 MeV )

dr = (d1 + 5dy/6)/(2f?)




parameters
--- vector meson couplings for Kaon ---

1 1 1
X0 = gukwo + gox Ro + gox o ~ 2 (pp + gPn—oPE = )

Corresponding to
the Tomozawa-Weinberg term

| gurx = 3.05 E 9wk = gun/3 = 2.90
9ok =2.00 | Gok = gon = 4.26
' gox =733 gox = 6.04//2

______________ c.f. quark — isospin counting rule

SU(6) symmetry
--- scalar meson couplings for Kaon ---

go-x = 2.65/2 : Decay of f,(975)

K- optical potential depth :

Uk = —( cKO + ngwo) at Py U= (-180,-120, —-80) MeV

JoK ) (extremely, moderately, weakly) attractive

3. Numerical results



3. Results| 3-1. EOS in p-equilibrated matter
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3-2. Comparison with multi-strangeness nuclei

Finite system formed in laboratory

(DK_ >!”LA—“‘p

Chemical equilibrium for strong processes

v K p=A, KA==Z, Kn=%X"
hard to satisfy

Antikaons receive
much g - gattraction

chemical equilibrium for weak processes

n=pK i pe 20N ne =X ()

n=pe (V) e =2 (v)

In neutron stars dense infinite matter

K- chemical potential : Wg. = H=Hn—tp|=O0(m,) — <0
for high densities




Problems: Too soft EOS resulting from coexistence of kaon condensates

and hyperons

K- -baryon attractive interactions, especially, the S-wave scalar
attractions lead to additional softening of the EOS as compared with
the case of hyperonic matter.

[ The soft EOS cannot give massive compact stars (~ 2 Mg). ]

Strong repulsion between baryons and suppression of
attractive K - B interaction at high densities are needed.

Suppression mechanisms of K-Baryon attractions
‘59/ 66(r) =0 | K- field equation

-------------------------------------------------------------------------------

S-wave scalar int. S-wave vector int.

--- Self-suppression of scalar int. ---

*2 —
Mg = mK 2gaKmK0 — 2ga.KmKa

Scalar mean fields

dU
myo = — 3, T9eN (05 +05)+9oAPA+ 905 P+ oz pE-+2f*goxmi(1 — cosb)

2

my?o* = goAPA + Gorx- P + Gorz-Pa- + 2f*gor ki (1 — cos )

Kaon condensation develops = 6 : large = 0 mean-field : large

Effective baryon mass : decrease

1 _ * *
Saturation of 0 mean-field M = M; — §gi0 — Jo+iC

. ) — A 2— E_
Baryon scalar density : decrease (i=pn AL,

2

p = 3/d3k—m" :
(2m) VK +m??




S-wave vector int.

pXo = M(wawo + 9,5 Ro + 9sxPo)

1 1
e f2 Pp + ,Dn — 5Pz — PE-) Chiral symmetry

2 2
() ()" () o

Equations of motion for vector mean fields

GunN(Pn + Pp) + Gurpr + Gus-Ps- + Guz-p=- — 2f*gur ik (1 — cosf)

2
miwy =
— Gpx-Ps- — Gp=-p=- — 2f gprpur (1 — cos )

m2]2{) = gp.-’\'(pp - pn) + GpAPA
m¢¢0 GorPA + Gos-Ps- + Goz-p=- — 2f*goxux (1 — cos )

Vector interaction between K- mesons and hyperons (2 and =) works
repulsively as far as & >0, unfavorable for coexistence.

Development of kaon condensates suppresses vector attraction

3-3. Particle fractions

Kaon-condensed phase
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4. Discussion and summary
[ Repulsive effects on EOS}

QR CIBEEI ViR SwOm -- suppression of K- - B attractions ---

(1) K- potential depth | Uy ~— 87 MeV | ) Pt~ 12 p,
(<Nl ssIN>~0, S~ 280 MeV )

Uy =— 120 MeV ™= P ~4.5 p

(i) S-wave K- - B vector int. Consequence from chiral symmetry

Vector interaction between K- mesons and hyperons (£ and =) works
repulsively as far as 4 >0, leading to suppression of kaon condensates

Development of kaon condensates suppresses vector attraction

But, such suppression of K- - baryon attractions is not enough
for making the EOS stiffer.

Strong repulsion between baryons at high densities are needed.

Making EOS stiffer at high density

(1) Baryon-baryon sector

(i) Phenomenological universal YNN, YYN, YYY repulsions
[ S. Nishizaki, Y. Yamamotoand T. Takatsuka,

Prog. Theor.Phys. 108 (2002) 703.1)

(cf : RMF extended to BMM, MMM type diagrams)
[K. Tsubakihara and A. Ohnishi, arXiv:1211.7208.]

(i1) relativistic Hartree-Fock

Introduction of tensor coupling of vector mesons

Cf. for hyperonic matter,
[T. Miyatsu, T. Katayama, K. Saito, Phys. Lett.B709 242(2012).]
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[ Connection to quark matter }

(2) Relation between kaon condensation in hadronic matter
and that in quark matter

Hadron phase and quark phase are connected with cross-over region

Massive stars (~ 2 M)
[ K. Masuda, T. Hatsuda, T. Takatsuka, Astrophys. J. Lett. 764, 12 (2013).]

Coexistence of kaon-condensates Strange quark matter
and hyperons for hadronic phase (kaon-condensates in quark matter)



