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1-2. Profile and structure of NSs 



Hyperon mixing 



□ Hyperons in NSs --- Earlier works 
 

○ Suggestion for Y-mixing in NSs 

     ・A.G.W. Cameron,  

   Astrophys. J., 130  (1959)  884. 
 

○ Attempts for Y-mixing calculation 

     ・S. Tsuruta and A.G.W. Cameeron, 

       Canadian Journal of Physics, 44 (1966) 1895. 

     ・W.D. Langer and L.C. Rosen, 

       Astrophysics and Space Science, 6  (1970)   

       217. 

     ・V.R. Pandharipande,  

       Nucl. Phys. A178 (1971) 123. 

     ・N.K. Glendenning,  

       Nucl. Phys. A493 (1989) 521. 
 

○ From ～1995, many works stimulated  

     by a progress of hypernuclear physics  

     in laboratories and observations for  

     NSs ---  e.g. see references cited in a review; 

     ・T. Takatsuka, Prog. Theor. Phys. Suppl. No.156 (2004) 84. 



S. Tsuruta and A.G.W. Cameron,  

Canadian Journal of Phys., 44 (1966) 1895. 

W.D. Langer and L.C. Rosen, 

Astrophysics and Space Science, 6 

(1970) 217. 
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Hyperon mixing in neutron stars(NSs)  
 

〇 sure to occur 
 

〇 standard picture 
     

      OLD : n,p,e,μ  →  NOW : n,p,e,μ, Y 

 

〇 2- problems 

  ・ strong softening ｅｆｆｅｃｔｓ on EOS 

  ・ too rapid cooling (Hyperon cooling) 
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Strong Softening 

of the EOS 

● 
● 



L-Vidana et al, P.R. C62 (2000) 035801 

M. Baldo et al, P.R. C61 (2000) 055801 



N.K. Glendenning, Nucl. Phys. A493 (1989) 521. 



G-matrix with nucleonic  

3-body force 
Chiral SU(3) RMF 

Z.H. Li and H.-J. Schulze, PR C78 (2008) 

028801. 

K. Tsubakihara, H. Maekawa, H. 

Matsumiya and A. Ohnishi, PR C81 

(2010) 065206. 



Even Λ-only mixing, situation is the same!  



Recent Observation of  Two-Solar-     

        Mass  Neutron Stars 

 

 

        

                    Indeed, 

            “Hyperon Crisis!” 

Impact ! 
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Observation of 

Massive NSs 
 

   (2-solar-mass NSs) 
 

       ⇓ 
○ How to explain such  

     massive NSs? 
 

○ NO Q-matt. (Q-deg. of  

     freedom) in NSs? 
 

We consider the possibility 

in two frameworks: 

① Pure hadronic (H)  

     matter 

② With Q-degrees of  

     freedom 

NO 

 ● 

● 

   ● 



Seroius conflict between theory ( soft; Y-

mixing) and observation ( stiff; two-solar-

mass NSs ),i.e., Hyperon Crisis 

      Something are  missing 

                        ↓ 
  Deeper insights in hadron physics 

                  and  QCD 



①Pure hadronic matter framework 

 

Universal introduction of 3-body force 

to  (N+Y)-matter 
   

  S.Nishizaki,Y.Yamamoto and T.Takatsuka 

  Prog.Theor.Phys. 105(2001)607;108(2002)703 

 

〇phenomenological (F-P type) 

〇2πΔ＋ＳＪＭ   
. 



 Dramatic softening of EOS         Necessity of  “Extra Repulsion” 

As a review               T.Takatsuka, Prog.Theor.Phys.Suppl.No.156 (2004) 84. 
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Extended 2πΔ-Type 3-body Force 

        ;  not  universal 

B* 

;T.Kasahara,Y.Akaishi and H.Tanaka,PTP Suppl.No.56(1974)96 



   (a) 2B come in short distance  

      (b) Deformation (resistance) 

      (c) Fusion into 6-quark state 

(by R. Tamagaki) 

 

Repulsion from SJM-----flavor independent 

Prog. Theor. Phys. 119 

(2008) 965. 

○ Energy barrier (～2GeV) corresponds to repulsive  core   

     of BB interactions 



Mass v.s. Central Density 

T.Takatsuka,S.Nishizaki and 

R.Tamagaki, AIP 

Conference Proceedings   

1011 (2008)  209.          



② Inclusion of  

    quark degrees of freedom 



“known”     unknown        “known” 
       H               HQ                       Q 

   (G-matrix)                              (NJL) 

(interpolation) 

P(x) 

uncertain 

3-Window Model 

Deconfinement and confinement  

are concerned 



           Constraints on EOS 
 

□Symm.Nucl.Matt. 

・Saturation :ρ=ρ0=0.17nucleons/fm**3 

                    E=Eb=-16MeV 

・Incompressibility: κ=~(180-260)MeV 

・Symm.energy :    Esym=~(25-35)MeV 

・Slope parameter  L=~(50-100)  MeV 

 

□Neutron Star Matt. 

 

・Mmax  G.T. ~  2-Solar- Mass  

・Sound velocity  L.T. Light velocity         

・Radius=~(10-12)Km 
 

    



□ Approach by 3-window model 

□ Some    

     results 

６
６ 





Summary 
 

1) The 3-window model suggests the possibility of 2-solar-mass  

      NSs with H-Q transient core, as far as quark degrees of     

      freedom sets in at   rather low density and the Q-EOS is stiff. 

       

      Present results support those from  a crossover picture  

      in our preceeding work. 

 

2) So, possible candidates to solve the “Hyperon Crisis” problem: 

 

＊pure hadronic scheme  - Universal 3-body force  repulsion 

＊hadron + quark  scheme  -- NSs with H-Q transient core 

 

3) Finally, we want to stress that 2-solar-mass NSs  do not 

    exclude the H-Q transition in NS cores. 

      

 



Appendix 



 “H-Q crossover model” 

・K. Masuda, T. Hatsuda and T. Takatsuka, ApJ. 794 (2013) 12; PTEP 073D01  (2013). 
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