
中性子星物質の状態方程式と冷却現象
EOS of NS-Matter and NS-cooling 

新学術領域「実験と観測で解き明かす中性子星の核
物質」キックオフシンポジウム(2012.10.26-27、理研)

T. Takatsuka (Iwate Univ.)
□ Hyperons surely participate in NS cores
□ NS Observations

→ Two serious problems:
(1) Strong softening of EOS
(2) Too-rapid Cooling

→ feedback to the physics of hadrons and quarks
□ Summary
-----------------------------------------
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1.Hyperons surely participate in 
neutron star cores



Hyperon-mixing
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2. What happens ?
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Strong Softening 
of the EOS
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○ Hyperons are always present 
→ profound consequence for NS-mass

H. Dapo, B-J. Schaefer and J. Wambach, Phys. Rev. C81 (2010) 035803



(2)  Too rapid cooling
NS cooling due to ν-emission
（Ｊ．Ｍ．Ｌａｔｔｉｍｅｒ ｅｔ ａｌ．，ＰＲＬ６６（１９９１）２７０１）

Y-cooling







Even Λ-only mixing, situation is the same! 



3. Possible solution for the problem



Problem 1: 
Dramatic softening of  EOS→ 
Universal 3-body force

The contradiction between theory and observation 
(M_max < M_obs) strongly suggests the necessity 
of some extra repulsion in dense hypernuclear 
systems
→ 3-body force repulsion acting “universaly” on 
NN,YNand YY parts (universal 3-body force) is a   
promising candidate [1][2]    



Dramatic softening of EOS         Necessity of  “Extra Repulsion”

TNI3        TNI3u:  Universal inclusion of TNI3 repulsion
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Comment 1 :an origin of “universal 
3-body force” 

• “3-body force of extended 2π∆-type”(at 
long and intermwdiate ranges) + “3-body
force based on the string-junction quark 
model(SJM;at short distance) has been 
studied [5]

--------------
[5] T.Takatsuka,S.Nishizaki and R.Tamagaki, 

Proc.Int.Symp.”FM50”(AIP Conference proceedings,
2008)209   



Extended 2π∆-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



Comment 2 : Quark degrees of  
freedom

2Msun NS → high central density
→ possibility of a hybrid star

From a view of “smooth crossover” in the 
hadron - quark phase transition, a possibility
of hybrid stars (NSs with quark matt. core)
Is disscused→ 2Msun is possible under the
conditions ;1) crossover proceeds in rather low 
densities,2) strongly correlated quark matter.



A way of approach 

H‐phase    H‐Q trans.     Q‐phase
<Matching>

?

uncertain                        uncertain

□ H: point particle 
+ interaction

→ G‐Matrix, Variational

□ Q: q‐matter + asymptotic   
freedom

□ HQ Phase transition 
Cross point (Maxwell, 
Gibbs) → not   
necessarily  reliable

□ Need new strategy

□ Possibility of quark matter in NSs

-------------
*) [6] T. Takatsuka, T. Hatsuda and K. Masuda, Proc. of “OMEG11” 

(Nov.14-17, 2001, RIKAEN)
[7] K. Masuda, T. Hatsuda and T. Takatsuka, arxiv:1205.362 [nucl-th.]
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Pressure v.s. 
density





Problem 2 :
Too -rapid  cooling → Hyperon superfluidity

NSs with M> 1.35 Msun  have a Y-mixed core.  If Y-
superfluidity is realized ,it suppresses the   efficient ν-
emmision by Y-Durca (exp(-Δ/T))
→ moderate cooling consistent with colder class  NSs

That is, a new scenario is
Lighter  NSs → standard slow cooling of  MUrca
Heavier NSs   → nonstandard fast cooling of  YDurca      

(“hyperon cooling”)





With or without Y-mixed core depends on M



CASE:
TNI6u





NO Λ-super ⇒ Too-rapid cooling  →
break down of the hyperon cooling scenario

How to overcome the problem ?



NO Λ-super due to 
“NAGARA”

1) “NAGARA event” → directly 
means “less attractive ΛΛ 
interaction?
○ How about the A-dependence

of ΛΛ bond energy?
○ Repulsive effects of 3-body  

force?
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Brief summary of NS cooling
□ Cooling processes:
• Murca (modified URCA)
• cooper-pair (pair breaking-formation)
• N-Durca (direct URCA)
• Exotic (Y,π,K,q, etc.) (Durca)

□Observations:
detection---about 10, upper limmit---about 16

*hotter NSs(Puppis,CAS-A,RX J002+6246,PSR 0656+14, ---)
*colder NSs(Vela,3C58,CTA-1,Geminga,Vela,Vela-twin --- )

□ Cooling Model
○ NO exiotics(minimal)  verusus exisotics(non-standard) 
○ Obs. Cold-class NSs    necessity of exotics
○ Vela (3C58)   exotic cooling(Y) + superfluidity(Y) 
○ CAS-A         evidence of 3P2-super !



← Critical temperature of 
3P2-Superfluid 

○ nt1 from Gusakov, et al.,  
A&A, 423 (2004) 1063.

○ Extraordinal density 
dependence of 3P2-gap



□ Summary feedback


