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[P s (e]elitelnlo) I Multi-strangeness system in hadronic matter

In neutron-stars 1 Kaon condensation |

hyperonic matter Strange matter
(A5, Z, ons - Softening of EOS (u,d, s quark matter )
in the ground state) -Rapid cooling of neutron stars

(Relativistic Mean-Field theory )
[P.J.Ellis, R.Knorren and M.Prakash, Phys. Rev. C52(1995), 3470.
J. Schaffner and I.N.Mishustin, Phys. Rev. C53(1996), 1416. |

*Possible appearance of kaons from hyperon
n, p, €~ matter

matter depends on kaon-baryon interactions

( possibility of third family )
[S. Banik and D. Bandyopadhyay, '\ PB
Phys. Rev. C 63 (2001) 035802: C64 (2001) 055805.1  °nsetof hypef"”




( Quark Meson Coupling models)

[D. P. Menezes, P. K. Panda, C. Providencia, Phys. Rev. C 72 (2005) 035802. ]
[C.Y.Ryu, C. H. Hyun, S. W. Hong, and B. T. Kim, Phys. Rev. C 75 (2007), 055804. ]

( effect of O meson)

[G.Y.Shao, Y.X Liu, Phys. Rev. C82,055801(2010).]

(effective chiral Lagrangian + phenomenological Baryon-Baryon int.
[ T. Muto, Nucl. Phys. A754 (2005) 350; Phys. Rev. C77,015810 (2008). ]

*Most of the models including coexistent phase of Kaon condensation

and hyperons predict M <2 M,

 §

Observations

M(PSR J1614-2230) = 1.97 £ 0.04 M

M(PSR J0348+0432) = (2.01 £ 0.04) M

[ P. Demorest, T.Pennucci, S. Ransom,
M. Roberts and J.W.T.Hessels,
Nature 467 (2010) 1081.]

[J. Antoniadis et al.,
Science 340, 6131 (2013).]

How to reconcile theories with observations ?




We consider
coexistence of kaon condensation with hyperonic matter
In neutron stars
based on the RMF model

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

multi-antikaonic nuclear bound states with hyperon-mixing

for finite nucle1 [T. Muto, T. Maruyama and T. Tatsumi,
Phys. Rev. C79,035207 (2009). ]

[T. Muto, T. Maruyama and T. Tatsumi,
Genshikaku Kenkyu 57 Supplement 3, 230(2013).]

Repulsive effects to make the EOS stiff at high densities
- Baryon potentials composed from

kaon-baryon interactions and
- Consistency with observation of massive neutron stars



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

Baryons: (7,1, A, X7, Z7)
Mesons: o,w,p,0”, ¢ Relativistic mean-field theory
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--- scalar meson couplings for Y ---  Hyperon potentials\ deduced

( analysis of A single-particle orbitals from hypernuclear éibxperiments

Ux (p0) = —gor0 + gupwo = —27 MeV |— g, = 3.84

______________

_______________________________________________________________________________________________________________________________

7 (K-, ) at BNL = 7T=3/2 state: strongly repulsive X
[ J. Dabrowski, Phys. Rev. C60 (1999), 025205. ] Vs (kx) = Vo(ky) — §V1(kg) :

*(r, K*) at KEK 23.5MeV  80.4 MeV
[ H. Noumi et al., , Phys. Rev. Lett. 89 (2002), 072301; ibid 90(2003), 049902(E). |
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-analysis of 2 - atoms : repulsivg C.J. Batty, E. Friedman, A. Gal,
Phys. Rep. 287 (1997), 385. ]

v

______________________

[ T. Fukuda et al., Phys. Rev. C58 (1998), 1306. , |
P. Khaustov et al., Phys. Rev. C61 (2000), 054603. ]
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2-2 K-B.K-K In{eractions [ D. B. Kaplan and A. E. Nelson,
SU(3), x SU(3), chiral effective Lagrangian Phys. Lett. B 175 (1986) 57. ]

___________________

Iz% FTr*S 8,5 4—% fArss(TrM(E—1)+h.c.) _Baryons
. B _ B Y =—> (p,n,
A TrT(F —ms) WA+ Tr Tiy"[ Vi, T1+DTr Y {Ap, ¥} A,E,3)

+FTr &y Aw, T+ aiTrT(EM T E+hc) ¥
+ @ TrTU(EMTé+h.c.)+ as(TrME +h.c.)Tr T¥ , {M = diag(my, my, mu)}

Meson fields (K* ) Y = eQz’H/f Vector current  V# = %(ffaug + ol

. i
| 8 8 K Axial-vector current A — 5(,51}9#5 — £OMeN
K= 0

(¢ = /2 _ gimala/f )

___________________________________________ _ Meson decay constant

K* = iHe)cp(iz'u}(t) f =93 MeV

V2

' Uy : kaon chemical potential
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Kaonic part of the Lagrangian density
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parameters

Corresponding to
the Tomozawa-Weinberg term

--- vector meson couplings for Kaon ---
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--- scalar meson couplings for Kaon ---

9o-x =2.65/2  : Decay of f£,(975)

K- optical potential depth :

_________________

U= (-180,-120, —80) MeV

(extremely, moderately, weakly) attractive



Effect of A(1405) and range terms

\K- 7/

N Ao LT O( 12 dy = (d1 + d2)/(2f°) = d=-
< *O0W) g —ayem=dn

gne
/’p/ \ dr = (d1 +5d2/6)/(2f°)

Energy correction

1 , g%, MA — MN — (4
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‘ o (fusind) oy P T 212 (mae — my — 02 + 2.

+ doph+ daph + ds-p- + d=-pt- |

Effective baryon masses

On-shell S-wave KN scattering lengths

) — 1 2, 2, Ji m
UKP) = L o+ mp Jm) (EKN M AL i e — z'fyA*)

KN sigma term 4mmp 2KN = 2
g



1 1
K™n) = > - d,, f*m?
a(K™n) 4 f2(1 + mx/my) ( KN T me-l- f mK)

= (0.37 + i0.60) fm

a(K+p) B 47 f2(1 +1mK/mN) (EKN TmE dpf2m%( + 9;\' Mp* — mNTr-IL—%{mK — ’i’YA*)
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a(K™n) = 1 (ZKN — 1mK + dnf zmi{)
4’/Tf2(1 —I-mK/mN) 2
= —0.16 fm

“d, = (0.351 — Sxn/mx)/(frmg)

d, = (0.130 — Zxn/mxk)/(f*mk)
\_gA* = 0.583 1 =12.4 MeV

/




2-3. Thermodynamic potential
-charge neutrality
Q= /d3r7'((7') + po@ + vNp
Q=0 as Pa— Pa+t0pq
(a=K ,p,n,A,¥7,Z7) Chemical equilibrium
Ha

*baryon number conservation

o€ for weak processes
= o -
LK = Be = pQ i /“K—'ue \
pp = —(uq + ) Hn = Hp + He
U = A = —1 — | =
.- = _
p=- = P~ = lo =V e =

kﬂA"'lLe:ﬂ:-/

Onset condition of kaon condensation (assumed continuous
phase transition)

Lowest K™ energy: Wg- = UK- = #e(= #Q)



Equations of motion for meson fields

Scalar mean fields

dU
20 = ———+ gon (05 + P5) + gorpi + Gox-P%- + 2f°goxmi (1 — cosb)

m do

m20" = gerpPi + Gorx-Po- + 2f°goxkmi (1 — cos )

Vector mean fields

7
r )
m2wy = gun(Pn + Pp) + gurPr + gus-Px- — 2f2gurcix (1l — cosb)

m Ry = gon(pp — Pn) + gprpa — gos-ps- — 2f°gprpx (1 — cos )

Mmoo = goap + gos-pr- — 2f gsrpx (1 — cosb)

o J




3. Numerical results



3 Results| 3-1. EOS in (3-equilibrated matter
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K - Baryon interactions in K- field equation

6Q2/86(r) =0 K- field equation

[T T T T T T T T T T T T T T T T T T T T e - S
My —200 KM K0 — 29 0" =2 (gurwo + gox Ro + gox o) —pzcos @ = 01
I 1
S-wave scala{int __________ S-wave vector int.
mic = My — 20okMKO — 20 kMK X0 = gurwo+ gox Ro + goxdo |

(Uk- = —9ok0 — gurwy ) 1 Chiral symmetry



S-wave vector 1nt.

/ puXy = u(ngwo + ngRo + 9¢K¢0) \
1 1
2f2 (pp+ pn—ipz__pu )

(8 () () oo

Eauations of motion for vector mean fields

mf,wo = gun(pn + Pp) + gurpr + Gun-px- — 2f%g. ki (1l — cosf)

J

m>Ro = gon(pp — pn) + goapa — gpz-p- — 2f gprpr(1 — cosb)

mado = goapa + ges-px- — 2f°gerpr (1 — cosb)

Vector interaction between K- mesons and hyperons (2 and = ) works

repulsively as far as i >0, unfavorable for coexistence.

Development of kaon condensates suppresses vector attraction




1.0

3-2. Particle fractions

Normal hyperonic matter

1.0

Kaon-condensed phase

T T T T T T N

\ Uy

120 MeV




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 M). }

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



4. Discussion and summary
[ Repulsive effects on EOS }

YR €GB RO SOl -- suppression of K™ - B attractions ---

(1) K- potential depth | Uy ~ - 87 MeV | ) P~ 12 p,
(<Nlss IN>~0, 2~ 280 MeV )

Uy = — 120 MeV == Py~ 4.5 0,

(i1) S-wave K- - B vector int. Consequence from chiral symmetry

Vector interaction between K- mesons and hyperons (2 and = ) works
repulsively as far as U >0, leading to suppression of kaon condensates

Development of kaon condensates suppresses vector attraction

But, such suppression of K- - baryon attractions 1s not enough
for making the EOS stiffer.

Strong repulsion between baryons at high densities are needed.



(Recent Lattie QCD) g5 content in the nucleon is small.

[R. D. Young, A. W. Thomas, Nucl. Phys. A844(2010) 266c.]

Sy = %(mu +m,)(Nlau + 55|N)
5 () (g ) o oo
2o = mu(Nlau + ddIN) mi= o (m,+m)
Incase 3 . =647 MeV [MM.Pavanetal., PiN Newslett. 16, 110(2002).]

=== Scalar int.: S~ 280 MeV | for m/my =25 , mg/my, =2

“In flight (K-, N) | KEK, BNL
deep K-nucleus potential, Ug~ — 200 MeV [ T, Kishimoto et al.,
(analysis of missing mass spectra) Prog. Theor. Phys. 118 (2007), 181. ]




Making EOS stiffer at high density

(2) Baryon-baryon sector

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

Prog. Theor Phys. 108 (2002) 703.])

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

(11) 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 }

(3) 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)



