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□ Various phases in neutron stars (NS)

NS-interior



□ Alternating-
Layer-Spin 
(ALS) structure 
due to pion  
condensation  
(PC) (or, One 
Pion-Exchange 
(OPE) pot.)



Presentation of
the ALS model

T. Takatsuka, K. Tamiya, 
T. Tatsumi, R. Tamagaki;
Prog. Theor. Phys.59   
(’78) 1933



□Realization of quasi 
two-dimensional  
nucleon superfluids 

Characteristics 
of the pairing

As a review article;
T. Takatsuka and R. Tamagaki, 
Prog. Theor. Phys. Suppl. No.112 
(1993) 107.



Gap Equations



More realistic treatment

① Coexistence of π^0 and π^{c} condensates 
→ ground state for PC condensed phase;
η = un+vp,   ζ=up-vn      |u|^2+|v|^2=1

② Short range correlation → Act against PC
Isobar ∆ (1230) mixing → Act for PC
As a balance of two effects, 
ρ_{t}~(2-4)ρ_0
→ quasi-baryons expressed by the
superposition of N and ∆

③ Results for ①＋② (although yet 
preliminary) strongly suggests 
the occurrence of baryon   
superfluidity in NS cores

④ Hyperon-mixing on ALS is now under  
investigation

Critical temperature

T_{in}(NS)

R. Tamagaki and T. Takatsuka,
Prog. Theor. Phys. 116 (2006) 573; 117 (2007) 861



Relevance to NS cooling
⑤ Some NSs (Vela, Geminga, CTA1, etc.; colder class NSs) need 

a rapid cooling scenario.  The rapid cooling is possible by the ν-
emission processes of usual β-decay type possible in various  
exotic phases such as π-cond., K-cond. high p-fraction, Y-mixed 
and q-matter phases.  But directly applied, lead to a serious problem 
of  too-rapid cooling and so demands baryon superfluidity in the 
exotic phases as a suitable suppression effects.  Except π-
condensed phase, the baryon superfluidity is hard to occur, and only  
the PC phase remains as a promising candidate. 

Conclusion
Dramatic structure change of nucleon system (ALS) due to PC 
brings about an interesting problem---1-dim localization and ”2-
dim, superfluidity in nucleon mater.  The occurrence of nucleon 
(baryon) superfluidity is essential for the explanation of colder 
class NSs and checked by NS-surface temperature observations.
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Topic (C): Hyperon cooling 

・Usual β-decay (n → p+e^- + ν,  p+e^- → n+ ν , so 
on) is not allowed

・Standard cooling mechanism
n+n → n+p+e^- + ν (the inverse process and so on)

・When Y participates
β-decay with Y is made possible!
Λ → p+e^- + ν ,  Σ^- → Λ+e^- + ν ,  so on
→ NS cooling is dramatically accelerated
→ but “too rapid” (inconsistent with observations)
→ Necessity of Y-superfluidity to suppress “too rapid”   

cooling
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CASE:
TNI6u Critical Temperature T_c 

versus Density ρ

□Pairing type:
n → ^3P_2
p, Λ, Σ^- → ^1S_0

□Pairing interactions:
n, p → OPEG-A pot.
Λ, Σ^- → ND-Soft
for  solid lines






