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Non-spherical temperature distribution
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Geppert et al.2004
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How to calculate the thermal evolution
of compact stars ?
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• We impose the Wigner-Seitz cell 
approximations for mixed phase 

�)�B�E�S�P�O���N�B�U�U�F�S
Brueckner-Hartree-Fock theory including hyperons (Schulze et al. 1995)
   NN interaction → Argonne V18 + UIX phenomenological three body forces
   NY interaction → Nijmegen soft-core 89
 → We can update these interactions by �-�2�$�%��and �+���1�"�3�$��

�2�V�B�S�L���N�B�U�U�F�S
Thermodynamic bag model (“density dependent bag model”)
 → We can change them to other models. 　　cf.) NJL, pNJL, DSE

��

We must solve following conditions self-consistently; 
・charge neutrality
・chemical equilibrium
・conservation of number
・balance between“surface tention”and“Coulomb interaction”.

Equation of state

Non-uniform
structures

�:�B�T�V�U�B�L�F Maruyama, Tatsumi, 2009b,  2011 in prep.
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Break though in studies about
“Baryon-Baryon interactions”
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Non uniform phase transition 
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U + 2O ! UO2 
2O ! O2 

U+ + e ! U  
UO3 + e ! UO3

Ð  
. . . . . . 

µU + 2µU= µUO2 
2µO = µO2 

µU+ + µe= µU 
µUO3 + µe= µUO3Ð 

. . . . . . . . . . . . . 
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�4�U�S�V�D�U�V�S�F�T���X�J�U�I���S�P�U�B�U�J�P�O���B�O�E
�N�B�H�O�F�U�J�D���G�J�F�M�E

        
　　　      
                    EOS 

　　　　　+
Tomimura & Eriguchi 2005
  (1) axi symmetric 
  (2) equatorial symmetric
  (3) no convection
  etc.

                     + 
GR correction 
on the gravitational 
potential
ref) Mareck et al. 2006
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Thermal conduction in strong magnetic field
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Crust temperature
 in strong magnetic field
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�:�B�T�V�U�B�L�F et al. PRD2009b

�A�¯
�ð
�c
�ž

�A�¯
�ÿ
�ð
�c
�ž

�/�4���N�B�U�U�F�S �#�4���N�B�U�U�F�S

�#�4���N�B�U�U�F�S�/�4���N�B�U�U�F�S

2011年7月29日金曜日



���I�J�H�I���5���¹���E�J�T�D�P�O�U�J�O�V�J�U�Z���P�G���E�F�O�T�J�U�Z���B�Q�Q�F�B�S�T���¹���*�U���X�J�M�M���B�Q�Q�F�B�S���J�O���/�4���/�4���N�F�S�H�F�S�T����
�`�`�`�`�`�`�`�`�`�`�`�¹���5�I�F���E�J�T�D�P�O�U�J�O�V�J�U�Z���J�T���T�V�Q�Q�S�F�T�T�F�E���J�O���/�4�T��

EOS①
�:�B�T�V�U�B�L�F et al. PRD2009b

�A�¯
�ð
�c
�ž

�A�¯
�ÿ
�ð
�c
�ž

�/�4���N�B�U�U�F�S �#�4���N�B�U�U�F�S

�#�4���N�B�U�U�F�S�/�4���N�B�U�U�F�S

2011年7月29日金曜日



EOS②
�:�B�T�V�U�B�L�F et al. 2011 PRD in prep
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���9���S�B�Z���U�S�B�O�T�J�U�`�P�C�K�F�D�U�T

Heating by accretion
→cooling by neutrinos
→Standard cooling can not be 
   consistent with the observations.
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Thermal evolutions (1D)

時間 (log yr)

表
面
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度
(lo
g 
er
g/
se
c)

I II III

S. Tsuruta, J. Sadino, A. Kobelski, M. A. Teter, A. C. Liebmann, T. Takatsuka, 
K. Nomoto, and H. Umeda (2009)

�*�T�U���F�S�B ���O�E���F�S�B ���S�E�����F�S�B
ν γ

not thermal eq.

* Magnetars  have been
  observed in 2nd era.
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previous works
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Our 1D simulations
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Our 1D simulations

1yr
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Our 1D simulations

1yr
10yr
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Our 1D simulations

1yr
10yr
1e2yr
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Our 1D simulations

1yr
10yr
1e2yr
1e3yr
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Our 1D simulations

1yr
10yr
1e2yr
1e3yr

1e6yr
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Uncertainty of phase transition

Schaffner group (Heiderberg Univ.) 2009
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�:�B�T�V�U�B�L�F & Kashiwa, PRD, (2009)

Uncertainties of phase transition

the bulk Gibbs condition the Maxwell condition

Shen EOS + NJL model
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Using baryon-baryon interaction,
we calculate the energy self-consistently.

Brueckner-Hartree-Fock model

�(¾¦�N�B�U�S�J�Y
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ρ=2ρ��, constant B = 100 MeV/fm�� ρ=2.5ρ��, 
density dependent bag model

surface tension
 ＝40 MeV/fm��

Stability of pasta phase

液滴 棒 板 筒 泡

�5���F�G�G�F�D�U�T �O�F�V�U�S�J�O�P���F�G�G�F�D�U�T

�:�B�T�V�U�B�L�F Maruyama, Tatsumi, 2009b,  2011 in prep.
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Energy components
�:�B�T�V�U�B�L�F Maruyama, Tatsumi, 2009b,  2011 in prep.

�&�G�G�F�D�U�T���P�G���5 �&�G�G�F�D�U�T���P�G���:�1

�ò
�¾

�ã
���

Ä
'#

���
	�.

�F
�7

�


�U�I�J�O���M�J�O�F�T����・・・�[�F�S�P���U�F�N�Q�F�S�B�U�V�S�F

�U�I�J�D�L���M�J�O�F�T・・・�5���������.�F�7

�U�I�J�O���M�J�O�F�T����・・・�:�1��������������

�U�I�J�D�L���M�J�O�F�T・・・�:�1������������

�.�B�J�O���D�P�N�Q�P�O�F�O�U���J�T���o���&�D�P�S�S�p���.�B�J�O���D�P�N�Q�P�O�F�O�U�T���B�S�F�o�&�D�P�S�S���
���&�D�p
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Particle distribution and Coulomb potential

�:�B�T�V�U�B�L�F Maruyama, Tatsumi, 2009b,  2011 in prep.

���&�Y�J�T�U�F�O�D�F���P�G���O�F�V�U�S�J�O�P�T���D�I�B�O�H�F�T���U�I�F���D�I�F�N�J�D�B�M���F�R�V�J�M�J�C�S�J�V�N
�����B�O�E���U�I�F�O���U�I�F���$�P�V�M�P�N�C���Q�P�U�F�O�U�J�B�M����

液滴 棒 板 筒 泡

2011年7月29日金曜日



�X�J�U�I���2�V�B�S�L�T

�X�J�U�I�P�V�U

�:�B�T�V�U�B�L�F et al. PRD2009b

���)�Z�Q�F�S�P�O���O�V�N�C�F�S���E�F�O�T�J�U�J�F�T���B�S�F���T�V�Q�Q�S�F�T�T�F�E��
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BHF vs MIT bag
Nicotra et al. 2006

�}�ù�€�z�‰�g�®�x�¬�•�®�ù�î�î�T�~
　　現状でもっとも手堅いクォーク＝ハドロン相転移 → クォーク模型を制限

 800

 850

 900

 950

 1000

 1050

 1100

 1150

 0  0.2  0.4  0.6  0.8  1

F
/A

 [M
eV

]

density[/fm3]

quark
hadron

BHF vs NJL
テスト計算

補足
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ハイペロンは必然的に現れるはず！だけど観測と矛盾！

観測から決まる下限値
NS-NS binary

～2Msの可能性も
Shapiro delay
Ｊ1614-2230
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“低質量問題”

①. 三体力による斥力効果
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②. 相対論的効果
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③. クォーク＝ハドロン相転移

解決案
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問題点 1

•温度勾配が不連続のところのfluxが不安定

r [km]

T [K]

ハイペロン冷却 MURCA 制動放射
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ハイペロン冷却 MURCA 制動放射

問題点 2
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