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1 �Y8|b
1926Z�Fermi) Dirac�=9r	��Y<� ��Nht" (
 “Fermi-Dirac”Nh)� fx,=�Fowler ;�
	Hj���H	�W?tL�r℄v�1 ���4Y;
�q3�zCSm4	��4�M �� [1] �1 Fowler~' VwE�Chandrasekhar [2] � 1931ZO�	�A">T8�����h�L���4�1jx℄�j� 0.91M⊙(=jAUh 1.44M⊙

[3],

M⊙ h-aj�) �
�1&�X Chandrasekhar ℄�j�� Chandrasekhar  HjW6AE�3��zCS*N�� T�q�� �̂ �℄�j� ��4ITx7�1��I�I(!�1932Z�l Chadwick [4] L�	o�Y=I:�Landau [5] OS1^� Chandrasekhar℄�j� 4'RM3�VTO�j���=
+�-�j�C:d=<�$�'=<�� '2�
Landau AJ-64 '2=<VT��$�'=< O"qDW
 �Ho64
h=j&b �o�4
 (neutron star, zb NS) � 1934 Z� Baade ) Zwicky [6] "jL^ro�4VTq^04-L X��Oppenheimer ) Volkoff [7] � 1939ZÆ!Æ+h�	o�4H8�L�o�4j�)h 1 /-aj��&4 10 �x$��\�ÆSo�4A�*_J1�WqIV�� P8ML�2007-06-20 � `=ML� 2007-11-27>A[I��p�&TOY���%M (10573002, 10778611) +
 NTOg�Z9x�%M (305001)
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�
 X J�b'3 (|6
ROSAT � CHANDRA � XMM-Newton) �U<e +��Lb'3 (|6 VLT � Keck)T HST�1939ZY=
 1967ZJ3+m4 L���o�4 W6"=6ÆJ/�Hvv�o�4�j
.Sh h��z� n � p � e <�Z��	)!���^�$ �f��L�	.jk X J�&= [8] �g�LF4"	H-&qo�4 VT> [9,10] �

1967 Z� Hewish  LP Bell [11] L�	.jRJ3+m4 (pulsar) �HjL�qUZd% ��h�WÆS K qW6=4jC��[jE�1}Y��J3ÆS.<r/��$�Vt}4L�+m4��q,8C3�"�+m4 �1�℄�j9 q�;1+m4L��I:� Pacini [12] r/y^�o�4VT�1� |d℄_J�+m4 L�
d=4 W6"8	jx0 ���t"Le�ÆS�-�j�1d� Gold [13] ^r+m4 zvz[;qd�I
o�4 �
zv�GIqL�pv&0h ��4To�4 M�zv [11] ���+m4Wv6>�_JZg�RM��$yS� W6�}R�=L� 1969 L�	zvOE
(glitch) �( [14] �Hulse ) Taylor [15,16] � 1974ZL�	.jx+m4Æ4 (pulsar-NS) �N
PSR B1913+16�CI�Ak�N℄v ÆS�v�VE	��G �1� 1982 ZL�	.jR#C+m4 [17] PSR B1937+12�zv 1.558 ms �++j"d+m4i� 20 DZ�\�")
1.396 ms  +m40L� [18] � 1992 ZL��=4e)+m4 PSR B1257+12 �
 [19] �Hq,oL� .jx-a�℄ =4�N� 2004 ZL�	.jxÆ+m4 (double-pulsar) �N PSR J0737−3039A/B [20] �+ ��zv6 PSR B1913+16  }?���G_J}��
� PSR J0737−3039A/B�R4:qJ3+m4G�f,nf6��~���|VYv�E� �A'
�dh	W6|V�A'
 �$�N�
�L� +m4r/^� 1 700 R [21] �f?1+m4L� Kv�dÆ�tL��gS�v
"=���~��tLW6 "jLN8�,80^���q��� � 1964 Z� Gell-Mann [22] ) Zweig [23] y�;}+9r	��
_Y!d MO��%�p1��+m4W6I����qfZY=_YH8;�o�4W6���j� Ivanenko ) Kurdgelaidze [24] |�� 1969 Z4"	o�4RMr�_Y�j (zV2!dh_YGV��)  VT>� Itoh [25] 1 1970 Z[xh�	
}}_Y�j
(
 u �d �s >l_Y!d _Y�j��}}
V���bh}}_Y�j) !d d=4
(
�1&b }}_Y4�Tzb}}4 1) ��h}}_Y4q"VT�1 _Y4�&t1b_Y4Wj"
^}}_Y4��}_Y4)}}4D
W:qKjn\��h+m4j/L�
00hqo�4�G_Y4t"L=Æ_�&t1I�64"RM>jW�,8r
��+m4od=?<bho�4�}Wo�4CI�^sIo�4 (normal neutron star), Gq�{+)!sIo�4)_Y4�)  �<1�Lm4
.�_Y4qf?^ 
_Y�j�d ��RMa�H�_Y�j o�4�%IK� 1971 Z� Bodmer [26] 4"	}}_Y�j x7>� 1984 Z� Witten [27] Æ!Æ+4"	}}_Y�j VT�1:g���4v �� 1) �j~�b\7s#XV�3#b\7�'v3
b\7Yl$d`~�b\7
�~b\7+~�7E�Y<sMlp^
�j-o7l0N�d12jsq�7�Hb\7w%NA�`�'v3J	75%SN�mY�.:s���-o7pe?B>
jq�7
~Yq�7DJ	`tJq�7 (normal neutron star), Hs�|-*"tJq�7+b\7
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�$r�< (quark-gluon plasma,zb QGP)�}}4���J�o }}) (strangelet,
*v�
 }}_YW
��QOt� [28]) �)1�,W6 VwE�4Hbjx	� O"�	
}}_Y�jq"x7 ��A'
<��HjO" \�=�h�}}4q"VT�1 _Y4�6� Witten O"d} (�%K�GIT�t"T[_V[) �8}}46o�4}x7��o�4o2=<��_Y�'=<W�1VTT<�=Gdh}}4 [29] ��VT&� +m4:q}}4�aq�=�h Æ�q-'�h (deflagration)Iq-7�h (detonation)GI�v [30−32] �1986Z�Haensel$, [33] ) Alcock$, [34]�xW6*!ZBA_Y4 V2>j"=	h��)8L�)℄�j� _Y4gVtE�&4) 10 km �j�) 1.4M⊙ ��o�4V\�)�Hgqd
o�4�_Y4Pt�Z $�Yj�
20lm 70Z
��,8�y�	�_YYv��'
�_Y�j Fermi�1VTqIx7 �o��'r��o3� ^�. [35] �_Y�jgVTx��^� (color-superconducting,zb CSC) 
. [36] � 20 lm 90 Z
���^� 4"��=L [37,38], &�l$� (color-

flavor locked phase, zb CFL), �l�^�� (two-flavorcolor-superconductivity phase, zb
2SC)$IK �^�.g09r (�QOt� [39]_z�t)�6��^��1�8OXPj��=��66�#_Y4 q">j�
8Ix7>��'=<�|Z$�%GV�+m>o?<ysÆS6P�'F&1 W6*!9r	�q_Y�jx�	.�
 O" [40] �_Y�jd	. js6ÆVT Zg6��1'ru=�:�_YVT�+8Yv� �A'
d
:q_Y1n:℄v_�dW��r<��'td*8T''�_YWYv '
TW��j
g�	. [40] ��Hs	<o��,84\PQo 	<��bhsI	< (normalsolid) �6�rK�^�T
�1℄v4g (
pG℄vmoAb>) �") h�AE [41] �^��jgVtE�t> (VTho�4UV�jt> 20∼1 000 /) �Hb ^�.gVtM'hjs	<�bh^	< (supersolid) �IH?tÆS�(VT�_Y4 	.����h�AE_Y4A��3�V�9<f pm,A�3ZV� 1017 V· cm−1 �C1d�~ [34] �,8�pj<0h_Y�jA�t℄j":�sI�jUV�C�+m4 |V�_Jml�}UV [34] �Hb _Y4�o�4A�IV�Z�%G"jL W6L�UV �1A�+m4|V)_JCIq9B �'}}4qVT�1 �CT�:d|VCXPJ3_J [42] ��� A�>jWBVThÆS�Z'}}_Y4�o�49��,U4�
�tE y`���+m4o?< RM��H8�
Zh�	o�sIo�4 (normal

neutron star) )_Y4 (quark star) ��FE�IK j� − &4 (M − R ) �� (QO 4.1�) �����8�L (quantum chromodynamics,zb QCD) 1'T u<Vd(6>�,8
�GIT�t"EVEWitten O"q℄d}�}℄gITVwh���_Y�' 
�=<��}�{8IIT�V2t"rL\�"VsIo�4)_Y4�sH8oNjo4<q[j�1 �+� vr�A�[_/�DZb���Æ'�_Y
�$r�<�1 [43,44] ��IB"jL W6�6,�ÆSE�ZsIo�4)_Y4�Hq��?<�tW6o v
y;Yj�;K�j"ÆS6PG[�+m4od=?<qsIo�4I_Y4Hjy;C3�7"�S"oD [45-47] ���ZfxMZA_Y4 W6"="=�I�
2 �a[�la{g)B�~��t��H80h�j
V2Y<� (_Y)
�) ){0�A'
 �QE��
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(��� W± � Z0 �
�O
���) !d�rX �sV2�A'
o�3=t"V\d����t"gÆ^D� Planck k< ��IIE	�{8A��A'
 t�8�AÆH�I�1yDy;3��H�

QCD 0s?+0hqA���A'
 �1t"eu� QCD 0h_Y��Z
3&
(+2|e|/3T −|e|/3) )�& (8� �m>s), _YYv '
h�'
�
��A'
�K�rX_YYv ��A'
��xV2>j��)�
 (asymptotic freedom) )�'8 (color

confinement)��)�
q^1uT�℄���_YYv �'
f?Vt�!��'8^'T����_YaT0�'1|� ��RM�QCD t"T�1$+VE[_E �)�
6> [48−52] ��hI3�/,[_2S���~��&tÆ'�0h�'8qd} �x��'8 |�&<�bh��. (Tb���
) �
� QCD I^Dt_[_E gP�_Y�j (6Bq'ru= _Y�j) q℄�1t_q℄V
A�Z[_XPI3�E#�"�&tI�A_Y�j W6L=rDsf(H8�MIT()St~) ^�H8 (Bag model) [53,54]q6Æz���= jsf(H8�℄��y q��'8K�IaqV�r�[_ÆS Z"�C3�Vw t")[_VE�6��'8IqIA �8VTXPj��=��66��_Y�j�1^04-L:d_Y4 �ho�_Y4
�pe
8�<Vt1d�tdVT��C
r_Y�jW
 [55] �
�3�{F�<IT^�������ho|O+V5jW
:h��.��q;�VTXP�� _Y4T_YW
 [55] ��)�
)�'8H�xV26>H7	�'
<� �s�.�'T�=<� (r< T)v�ELo µB:Æ') ���)uT�=<� (T T µBÆu) _Y
�$r� (QGP�Tbh�_Y�j
) � (�R 1 � 2) �_Y�j �1q�'
�)�
>j jx\�=��1ÆuT���_Y)
�v '
��=GI0�'���R�dh�
~���}�ZS1ur (|6�� 4v)Tu= (|61d=4RM) WVTr�_Y�j�1'r�'= �f��_Y�-h����q���=h_Y
�$r�< (TzY�h) 1Z2r<)=<�LPII�v�
�A QCD t�I^D��1 QCD �R (�R 1 �2) gaTq7>+Cr�E<Q
66P �=r<�S�$Pt�#zr��'
�jgVTo��sI�j��Ds��1�u���)_Y
�$r�<�℄�A�REVT�1 z) QCD ��1DsMO�A�ov.��Ds H8�66�l$���l�^����l$� −K0(CFL−K0)���I$� (color-spin locked phase,zb CSL)$ (�R 1 �2 �QOt� [56]) �|�09r qr�t_Y _��o��'r^� BCSt" [35] o3�18�℄v _��'ru= _Y�j�_Yv ��'
gVT�d_Y
Fermi  Tx��h_Y:d “Cooper” Aq�� ��bh�^� [39,57] �[_S�_Y�j�Z�℄h�u(1.5 ∼ 3.0 MeV) � d (3∼7 MeV) � s(95± 25 MeV) [58] �ys_Yj�CI�$�G� s _Yj�Æ	�H;H7	�^��
��sVT:g��l�^��)�l$���l$�r��v�ELo µB u�f/}}_Yj� (µB ≥ 300 MeV)  �:�}WV)�0h u � d � s _Y1j�Vt�!�>s_Y:Q�_��G�l�^��LP1 µB Æ*W�}W s _Yj�IT�! (µB < ms) �a� u ) d _YQ�_� [59](�R 1) ��h3|�A'
.-\
 α ≃ 1/137, &tVt&d(h����38�L (quantum

electrodynamics,zb QED) h����[_a-�1$��q QCD .-\
qh8 (=E)
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S 1 �P�
A_�! QCD �S [60]3~ µ jx�FOp (d µB) ��~ T js>
3(s+(FOpYj
�0�vsUvFOpYjb\��&s�>
(svFOp (dv?>) l$2jsB`�0
B`�0��uXV �FOp�vY�?mb\m�+�j��KR�`A�b\�mj CFL �FOp�(Y�?mb\m�W�� s b\m����! u � d b\R�`A�b\�mjWBm% (non-CFL) 
W CFL XVj�mB`� �Bm% −K0 � CSL & [56] 
5%�E#s�mB`� 
 �'T��O	�$� 1 �uT��O=*����d( SOa1uT��t
�LF8
�IIT{B QCD �r#� �=Q
�V��)�
�1uT�:Vt
d("xt QCD �
d( QCD(pQCD) �+1�H:quT�ty; (k< 0.1 fm) WqV\d� ��qA�o'Ty; (k< ≃1 fm) �QCD  Vd(,�;V\Or	�jsO�Vd(,� Sgq�W℄w1E
℄�� QCD �
w1 QCD(LQCD) �%G�hh�E d/>�j"

 Monte Carlo SO�&B
 h��1	�K� LQCD G�
^o�h��)�v�ELo ur�:�
A�Z&g6 QGP �Gd=4RM"quv�ELo�'r ���1&p �a%
y;�GITI� pQCD jh����h�Z h�T�GI�t�HHjy;�KW�A�Z[_g|O[�'ru= 
.�&tI�?<�t�<W6_Y4;dht�Hjy; "�,U4�I�AyD+m4o?< W6�T#7_Y4q℄�1�"jL+�6�T#7_Y41 QCD �Ro nf�{8A QCD �Rt��}q^D�u	E�9� �^�.℄�IVTr�_YdW (quark clustering) � [40,59] �1��Z"o�|j� Fermi � Lagrange =<E�zPAb>�H�d|j� Fermi � &<
(helicity �̂ �I1.8S' Z�) }6�
�_Y j�V��zPAb>OLPp!�1uT℄���_Y j�Vt�!�)�h��_Y −P_Y K℄vb℄h� ( 〈q̄q〉 = 0)��q1'T℄���zPAb>�Lp!�}W 〈q̄q〉 6= 0 �
LP _Y_��o��'r^��1 _Y_� K℄aT\Lj�E�V� t_Y� u � d _Y �j�hf
MeV ��1Æ'T�W�
�_Y�K℄ '
�zj�E�:q�}W _Y�bh “zn_Y”(dressed quark) �1 QCD �REzPAb>p!)_Y�' (TzPAb>Kd)_Y�') Ij7KWr� [59] �6�H�s�=K IKWLP�8VT1�l�^������Yvr��℄ �j��_YdW� (�R 2) �1_Y�'�zPAb>p! +��



� 3 w +���%�`Z�k�`Z5 219�zn_Y (dressed quark) VT/�) 300 MeV  j��$8EVt�
.8��_Yv.-"V\��VTOr�1n:℄v js_��
_YdW�HsdWJsh<Eo��'�V�E α ^W [59] �}Wr/Iq�^�.	�
:q_Y�^Gd W
1_Y�jRM.8WG)Æ*GIA�v5�O2;Vt)�h/2~���GV
/2t"xt��r<	���'W�_Y^W *.8T�VTO'*�+8Yv �A'
T��<_Y�j;O�=dh	<_Y�j [59](�R 2) �

S 2 �LXP�
`ZeX*A_�! QCD �S [59,61]3~ µB jx�FOp��~ T js>
{RC
�Le+b\�(7�JMYNQ�9XV3�mB`� +
� [x�3b\fY 
3�vs>Yj�>�3�(s>YXVj
0�idb\7#XV�3�0
"jL+�:_Y^W |>V� (Hq1VT ��h_Y|>V�) ��	<_Y4r<	�=xr<t�W�1VTLP�L|E [59] ��H|>qo� �Hq+m4�d℄|Z�& jsz��u�QE_Y�jr/qK��jEj-vr�A�[_ |
K��66
}'�W6o2 (CERN)  ��$K (Lead Beam Programme) ) Brookhaven �o[_v (BNL)  �A"vr�j� (Relativistic Heavy Ion Collider)$[_��q
�_Y�'=O1d��E�_Y
�$r�<R��1 Wv℄?��%r�[_Æ'�_Y
�$r�<q�1 [43,44] ��q�1GITE#+'r1A��ho_Yq℄�' �"�") RHIC  [_ [62,63] AE�r< T ≃ 2Tc(Tc ≃ 200 MeV �h_Y�'
�r<) W�QGP  >jVt
t"�<8�L1$+A� [64] �HAE}W QGP R_YYv .-q1� �^ IK�t�ZS �)�
�Gq�.-$r�< (strongly-coupled quark gluon plasma, zb sQGP) �Hs�.-TG�{�_Y dW� 2008 ZhDLe.= �j
A�Z LHC(The Large Hadron

Collider) [65] 1QE_Y�jS�O�}	 "=�u	+�[_℄�1?tÆSEQE_Y�j�1 VBgr=L�r/�:qÆSAE�_Y�jqVT�1 �{8�1. 4 C!Æ4"�
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3 �a[6"X47Q_Y4�GDIK�o�4 >j��-VT
j�Z�F�Hx'z
�I�)hA�>j�j� − &4���
8zv__J$�_Y4�o�4 A�>jIK�
� u�d�s_Yj�IK���m4W�>l_Y
�!�W}��H�3��1 (ne/nq ≃ 10−4) ��3�I����j�jMZOh�_Y4℄�1_Y4A�:d3�V�9<hf pm �_Y4A�3ZV� 1017V · cm−1 C�u<:q^
�~ [34] �j"0h3�VVtWa�sI�jUV�zj�*� 10−5M⊙

[34] �6E&��_Y4�o�4A�>jo���_JE;Pt�Z��qI��jsVT�}}4A�|UV�A�h_YA��
'}}4 [42] ��h^04-LW�<1u�UV|O:d�KW�
�+m4�1� ~�℄��uV1u=4j�jH2o�℄81P�[4j�j��}UV1P:d�'}}41VT�1�'}}4Vt)o�4jbXP|V)J3_J [42] ��
�A�IK�1_JEO�&�B�6�	<_Y�jq�1 �_Y41VTq	. [40], I�+m4 _J6>�Wv6>VtA�rj�	. _Y4A�1VTLJr0<u [66] ��Fj�&4��IK�_Y4Vt	�6Æ* &4 R)j�M ��_Y4j�Æ*W
(M < M⊙) .� M ≃ R3 �_Y4 j�$8EVt�)����j�1* (v�
 A < 104)W�h}})�_Y4=<f?h\
 (ρ ≃ 4B̄, B̄ h MIT ^�H8o ^�\
) ��zq*j�W�A�j�h 1.4M⊙  _Y4�zo2=<gaqA�=< �/$� [34] �Go�4A�hsI�j��RM=<�Wfx�e�o�4�1j"*j� (0.1∼0.2M⊙) �*�"*j� o�4qI�1 ({BIKj��Oq��4�/�4�=4$)�*j�o�4.� M ≃ R−3(QO 4.1 �) �Hq_Y4�o�4Yv �jxv
�B��F℄�j��)�:h 2M⊙ $��o�4!	j-�16Pj� (1.4M⊙) h)�+8 &4�WI	�&t�Z�j6ÆgP��q1*j�W�&4�WE��VtI� X J�ÆSE��Z�_Y4u	j�)&4:Vt6Æ*Y℄�IVTE�}? �
zv�
�o�4 A��<IT^� Kepler�<�z�
zv��)h 0.5M

1/2
1 R

−3/2
6 ms [67],zoM1 = M/M⊙�

R6 = R/(106 cm) �A� M = 1.4M⊙ �R = 10 km  o�4j��zv P ��h 0.6 ms �
�
8Ix7>)4<=[$���[j℄O}uj-� Zheng $, [68] O�	
�_Y�jRM�A'
XP <n�h�	 rHIx7> (r-mode instability)A
8 �#�L�A� M = 1.4M⊙ �R = 10 km  }}_Y4�"*x7zvq 1.78 ms, 6Æ4 h��� (2.5

ms) }�)ÆS℄��y�
8"d +m4 (PSR J1748−2446ad) zvh 1.4 ms [18] ��EIVT��℄ ��3�O���%�g�VTHR4q*j� �A�'j�_Y4�z P Vt}*�O
*� 0.1 ms �6�T�E�jR P < 0.5 ms  +m4�;Vt#7q_Y4GVo�4�{��
�K 500 <J3b'3 FAST(Five Hundred Meter Aperture

Spherical Telescope) O1	h<E9u+m4�" �D<�6�T#C_Y4#[T�:d� FAST ;VTL�+8�}℄�'j�_Y4��G _J,�g6Æ'���G2S� LIGO  2SE�VT
j�g+m4 j� [69]��ha�1Æ4�No o�4 / _Y4 j�PT6Æ�#+S���1a� 7 Ro�4 / _Y4 j��WÆ* (≤ 0.005M⊙) �j�Qe 1.25∼1.44M⊙
[70] �"'j� 1.25M⊙



� 3 w +���%�`Z�k�`Z5 221�r/6 Chandrasekhar℄�*�q℄�VTÆS�}'j� &Q�6�S�j�*� 0.2M⊙ +m4�8sIo�4t";1Pd}	�
4 ��T%�_Y4�o�4 j->jV\o��C��F:VtA�h+m4�4vÆStJ3G�h��AH�oH8Pt�Z��	 20lm 90Z
�+m4W6
fLe�&m=�6BqyDu>T X J�q4 (ROSAT �RXTE �BeppoSAX �Chandra�XMM-Newton $) .=
S�_Y4)o�4 u)&4:dhVT��G�VT�Z�F�KW�X J�G�Wv6> S�g}q.#��
�L)8℄b'3 (VLT �Keck�HST �Spitzer $) ÆSg�,Z"	o�4)_Y4W6� X J�) γ J� ÆSL�	fo0 +m4o?<�XJ�-L&�P\ XJ�+m4 (anomalous X-ray pulsar,zb AXP) [71,72] �9,*J�vd, (soft gamma ray repeater, zb SGR) [72−74] �o2d=?< (central compact

S 3 �,n5! P -Ṗ S3~j|x��~j|x�� (d Ṗ ) 
�C�� ATNF Pulsar Catalogue [82] vbRQw� [18, 76, 78, 79, 83–85] 

AMXP � DTN + RRAT # Ṗ �N[4�Ut�T�T#	�`k,:#|x
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objects,zb CCO) [75,76])�*o�4 (dim thermal neutron star,zb DTN)�gb�}o�4
(isolated neutron star,zb INS)�T XJ��=�}o�4 (X-ray dim isolated neutron star,zb XDIN) [77,78] ��[#C+m4 (accretion-driven millisecond X-ray pulsar,zb AMXP) [79] �Hfo+m4o?<V2E:qJ3a1 (�r��R AXP(XTE J1810−2197 ) 1E

1547.0−5408)ÆS�	J3_J [80,81]) �+8�E� X J�_J�Cy��IK >j�+m4W6r/I ��J3G��&t+m4 (pulsar) Hjn\r/
"p J3+m&
(pulsating radio source) i=�}�R !{��}b+8h+m4o?<}ht-�Hfo+m4o?< 
�:ID��E+8 ~GVT6Æ?�OÆd+^EdJ3+m4Tz)o8 +m4o?<�+8g�VT;qUZ6� �R 3 zr	+m4 P − Ṗ R��r	fo+m4o?< nf���^rj-_Y4:J< ÆS�H8W6�)h SAX J1808.4−3658�RX J1856−3754) PSR B0943+10�
4.1 SAX J1808.4−3658

SAX J1808.4−3658(t�zb SAX1808) qjR�[#C+m4�zv P = 2.5 ms[86] �x�jx*j� X J�Æ4�No���zv 2 h [87] � Li $, [88] A SAX1808  W6AE�z&4Æ*�1VTqjR_Y4��[+m4 &4 R �|V&4 rm )�
&4 rco�.�t���� R ≤ rm ≤ rco �"G R ≤ rm(Ṁmax) < rm(Ṁmin) ≤ rco �zo rm(Ṁmax)) rm(Ṁmin) ZBh�[�"	)"*W |V&4�V��
R < 27.6

(

Fmax

Fmin

)−2/7 (

P

2.49 ms

)2/3 (

M

M⊙

)1/3

km , (1)zo Fmax ) Fmin h X J�u.)'. ����g (1) 1j� − &4 (M -R)��RE�zrjD R ∝M1/3 �� (�R 4 oC�)�SAX1808 aTn���$:&4Æ* ��R (�R 4) �

S 4 Li %- [88] B SAX J1808.4−3658 '5!�h�U�iJS7# M + R eo�D�#%;�d R e7�+
 SS1 + SS2 s�ub\7I9�|*℄�jq�7I9
b�b\7#I9sb.e�#
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4.2 RX J1856−3754

ROSAT q41 20 lm 90 Z
p|�S�	o�4 (RX J1856−3754 �zb RX1856) *_J [77,89] ��=�2S� 7 R DTN [78] � Chandra ) XMM-Newton  ÆS�� 
DTN  *&4)0<u6P�:qA_Y4H8 ��Wj [90,91] �4<_YA� �1I����^04 d�-L [92] �G�I<�_Y4 ÆSV0�	<'}}4 *_JIK�o�4�+VTLro����A� *_J [93] ��h1_Y4A�h)3�x��H.�&tIO&o�4ObXP$�u�� Chandra ) XMM-Newton �Rq4A RX

J1856−3754 X J�ÆS��	℄$ 0<u�3�/,u� [91] �HA�_Y4H8qjxWj [66,90] �RX J1856−3754 _J&4 4.4 km [91] �") XMM-Newton A RX1856ÆS^r+� 7 s  zv [85] �Hb℄ zv&zr ℄
�[1*�'*� 4 km �&t�ÆS� &4�uh℄
&4qIt- �HA*j�_Y4gqjxWj�
4.3 PSR B0943+10") X J�G�ÆSzr PSR B0943+10  ℄
��[6/2_JH8
*jx�etE [94] �Hj��A/2H89r	CB��ho�4 &4j"h 10 kmT}	�IO*�
10 km �&tITzr* ℄
�&4�[jE�Hj��Vt
*j�_Y4jt� [95] ��h*j�_Y4&4Æ*��� ℄
� &4gÆ*�4<&4 =EO�#�℄
� 3o	 (potential drop)�H7	zT℄A�h+m4�1O�	|Æ� ,�Y=�v0h��� ℄
� "	3o6r7|Æ�h� �f:		)�x
�e [95] �h�AE"	3oW3V�� 1012 V, Ruderman-Sutherland K℄v
H8 [96] 3%T1$~'�B}Z��
PSR B0943+10 VTqjRj�) 0.02M⊙  _Y4�&4)h 2.6 km [95] �
4.4 <T:2bX?J8℄ÆSL� AXP 4U 0142+61ze�1�[f [97] �Wj	t� ZS��[f1+m4o?<zeVTV\s?�") ÆS^rDR+m4o?< 8℄)�L_J6 X J�u℄Z�� 
��6 RX1856 [98,99] �RX J0720.4−3125 [100,101] �RX J1605.3+3249 [102,103] �
XTE J1810−197 [104] $�H�E+8CIq�} �zeVT�1�[f�W6_Y4 zeH2)�[�tdh�ÆSA6W6o+��H y;�I�W64zH2�f :d�^E�=4 :d [105] �jt�yDo8+m4o?< _J>j�-L�( XP (� 5.2�) �yxo8Yvq℄�1^E��_6,^E��VT#7+m4o?<qo�4Iq_Y4�J3ÆSL�	 RRAT (rotating radio transient) [83] $0o8 +m4o?<�+8 +mCIq℄Wv:��GqmJf 
f�xzvR�Zr� jxJ3+m�H-v.�(�VTq�[)_JIx7>6d [106] �6�1H-?<zeÆS��[f�8qA�[H8 Wj�
5 �v$Y8%�
5.1 �3\℄bEC℄_4Æ	j� (M ≃ M⊙)  _Y4VT1^04-L�ho:d�
�v��j�=h_Y�j
UrT��&t���^04 -L�KWVTXP,*, (gamma-ray burst,
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GRB) [31,92,107−109] �}}4RV
�P� (nonleptonic interaction) u+d←→u+sA_Y4 M8�1� <n�W��~W�28℄hfU#C�H�,*, ERW��)�VTq,*, XPZg [107,110] �6�pe:d}}4��Æ� ÆW�
�8OI�L3Z (dynamo) �h
|Z=��I�|v��hT�uU:dR� (fire ball) �XP,*, [111] �^04-L�ho�od���I	MZT��4vW6��y�od��0h^04qod��8 [31] �t��)Uf3�A:guUT��%ÆH�
���j j���6od�	�:d \G^ Vtgr℄� �jUV�&t^04-L1VTq���8 [92,112] �GVod��8 �^04-L6�:d�l$�_Y4�zA�LJ�
1 10 < T < 30 MeV r<QeRV^� 1043 J · cm−3 · s−1[113] �'_YA�t��)Uf3�A:guUT�V�� 1044 ∼ 1045 J [92] �:d
� (e±) h� R��
^04Td�-L�^04-L:d R�1VTIq�Ab �HOzo2:d +m4jx8�< (kick velocity) �+m4 8�<ZK�,*, T�ZKE�1$ ��> [114] �HVtt�h^04-L�ho Vy'K>O:di��XP,*,�KW6d+m4 8�< [115,116] �*j�_Y4 :d�hII�v�jsVTq1��4 AIC(accretion induced col-

lapse) �ho:d [67] �^04-L:d_Y4 �ho�VTLP��C
r_Y�jW
 [55] �
*j�_Y4� Ouyed [29] �
	o�4�=h_Y4 �"�9r	_Y04
(quark nova) H8 [117] �^ro�41o2'y!:d_Y4KW�gr�j=<6Æ	 UV�jMZ�jM(�=d_Y�j�}�huU T�V� 1046 J �VT�jMZ,*, :d���:d o2_Y4j�Vt*� 0.3M⊙ �Hx�hogr jMZ�jM(:d�[f�8VTXP=4�PSR B1257+12VT;qHb:d jx=4�N [105] �ÆSgAE PSR B1257+12 X J�_J��[6t"&�℄
��[
* [118] ��E+gVTq*j� �j��
4Wo+m4o?< jxW61℄��� [119] �h
�
4Wor�a-ÆS
K Ho?<�'F0h9ErK+m4o?<VtI�3�
S^04-L (AIC) G:d�
5.2 �℄fbiKRQU\�f��+m4�
zv P ��
8T�  TJ/+:q��dIzv"O%~* [14,123] �=E`<Qe ∆P/P = ∆Ω/Ω ≃ 10−9 ∼ 10−6 �Hjx���(bh+m4 �
zvOE (glitch) [124] �1\�o�4H8o�zvOE�(�o�4 RUVo^�o�z� (vortex) |$�' 6; (pin) )�6; (unpin) �06; (repin) �h���1$�'���� (
 Wigner-Seitz #(Æ	) W�6;�jTVtI�^T ���Ljh��%G)v��h� [125] Wj1	MZRUVR�16; rK�H-h���A�o�4zvOEH8�%qI{ �+m4 �
zvOE�(Vt�%+t�h	<_Y4ELP 4M�h [120](�R
5) �
�
8�4< m4n:q Maclaurin [�: [120] ���
8zv :q�[� [����~*G���:���	<_Y4o�11� }����+IO&�<4Ob1d~*[��Gq[n�>T��:=��RM����J
�℄=�	<_Y4;Op��GXP4M�
8�� I �}O%~*���8�}6� P g�YO%~*�KW�	<_Y44M�%��T�uU�I�jsVTq�1�[�No��[�	<_
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��:q�h�AE�4MT�uUVt�� 1041 J �VTq SGRDf! (giant flare)  T�j& [126] �Hs-L6�LP16Æ' FrE�IVT
j�u,*,o ?, [126] �,�_Y4q℄h	.K�I1P7"��ÆS� J-+m4"8�(TGqxv�VB [127−130] �GCRT J1745−3009 [131] VTqjRd�I
 _Y4�E�)jx*W "8zv [128] � PSR B1828−11VTqjR*j�_Y4 (M ≃ 10−3M⊙) ��jR_Y=4'
XP�r"8 [129] �

S 5 �5N��{wPF!jzS�����-o7+�j Maclaurin \� [120] 
sL t = 0 Y7>y�n5o<�\�j ε0 �}SN��
��Yx
t1 Y�n5o<j ε∗1 
���
>b\7�SN���℄k\�j ε1 (�� ε∗1) 
7�����Æ����97>q�YQ7O��HN�n5o< ε∗1 
Q���qf9V�7>P3n5o< (ε = ε∗1) i+*O9
7� X�+�97>P3n5o< (ε = ε∗1) i+*<s�O9� �# Ω iP�[>F
7� X��U� X�9b00��n5o<�JXVs0|xQG (slow glitch) [121,122] #YQ%�

5.3 �7N,�L�+m4
�r 40Z��G3�jsH8KW��+�u|VoysG� 3|_J�,8�}	��+m4|V_J DsH8�zoK℄v
 [96] HoH8qÆ49r �C�℄

���h+8T�
,8�%+t�+m4J3_JoÆS� js6��( —— lo�+m [96,124] �K℄v
H80h1+m4A�h)�1RBU3 (sparking) �I�P5SgXPUf3�A�H-�hT℄[�ml�~� (�
qH$�) 1+m4A� �jTq℄��u��h�AE�o�4A�H$�1�|Zo:d �Z��
 [96] Pt����u �jT [132] �G_Y483�Hjy;�_Y4A�h) _Y���A'
�j�3�g�V\� 3|�j�+8 �jT:��u�Vt:dK℄v
 [42] �KW_Y4A�+m4 (Ω ·B < 0))P+m4 (anti-pulsar, Ω ·B > 0)[96] :TXPU3�h [42] �℄��y q�'}}4VTr��x�� K℄v
�'�v
�H�v
 [133,134] ��}1HxVwE H8T�Æ$+�uÆlo�+m [135] �DG�_J$�(�+m4q℄���℄3&�HqjxV\V2 y;��q1+m4W6 ) 40Zj�HjV2 y;C3�09_�h	
�
�|��3o�|�'4j�j3o�$t8-T<|V3��+m49E/��℄3& Qc ≃ 10−3R3

6B12/P 2[136,137] �zo R6=R/(106 cm),
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B12 = B/(108 T) ��
zv P tCh�n�:[j�3&	� (*�)Qc �8Hv
q�� Qe�=* (=	) �+m4�℄3&9%9�F℄ �&4mSdP6 q�3Z�HA�+m4|Vo~� q�VT�v
y{ [136,137] �A+m4A� X J�_J ÆSVt��zr<�KWAzv ÆSVt�� P ) Ṗj�hZ���GVt�q"H8j�go�4�_Y4H8� Zheng $, [138] h�	�^�� }}_Y4 *^E�O�	 rHIx7>=�MZ
8TO
=hRT��G
}}_Y4 q"=/��zA�x��l$� _Y4�od�$z)q"Zg0S'� r HIx7>X*Vt
_Y4kjÆu A�r<^�f aZ [138] �H�ÆSq�a- �
Yu ) Zheng [139] O�	�UV }}4 *^E�L�x��l�^��)�l$� }}41
8=/ �ho�zUV�jO�'d_Y�j�Hj�houU T�Vtq*UV��GkjÆu r<��l$�6�l�^��}�,�H
�_Y4Z�1 105 ∼ 106ZW3VE�) 106 K  r<�
6 �)i���"a[�l1 Witten 9r >s_Y�jVT�1:go�{8ÆD4"	_Y4�A�Z&6; _Y�jo����4v _Y
�$r�<���z�+4"_Y�j .JsVT:g����o _Y�j�
}})�}})h*j� _Y�jW
�v�
)hfU
f��}})�4j�jo ~�j�OT�A�3���G��j7�3&��&j6 (Z/A) Æ*��3}})Vt0q��Æu T���GA�huT����6�H-uT���Tz�+�	�V�8VT1+�2S��}})q℄T��+A��H�z1	�o {F6>�O�	}})�	�$�'j��d}}) Z�= [140] � A0 ≥ 3 000 T γ0 ≥ 140  }})Vt�� m��6� O�Æ}}4-C [141] XP }})���� 1∼10 m−2 · a−1 · sterad−1 ��uTMZ (γ0 ≥ 140) ��1*�6�O�z)�h�6+m4|Vq�$ [142] ���VT��	�GVtÆS��_Y04�ho \GxV�~�q��T�^� 1018.6 eV, :d℄uT��� [143] � Cheng )
Usov [142] O�}})1+m4|Vo q����AET�)h 1014 ∼ 1015 eV  }})��)h 25 m−2 · a−1 · sterad−1 �

α– |up (AMS)  .=���i�jx' Z/A  n� [144] �6�Hjn�qK[ CIq5��81VTq}})�6� AMS-02 2S�}D }on��8q℄�1_Y�jgO�j6ÆE# ���}D����� R5VQOt� [28,145] �I�j-_Y�j z)VTA��VQOt� [56] o A 3 �
7 �����
�%� Landau ![o�4
�r� 70 �Z�L�+m4gr 40 �Z�,8A�+m4�o�4)_Y4 0^g�	� [n��q1�o�4 #�RM���3%I��Dqy�ÆS�[_zr �gII��2t�I	")A_Y4W6 "=�^r	�1+m4W6 V2y;�6,�Zo



� 3 w +���%�`Z�k�`Z5 227��4)_Y4H�sH8�{8�	b�jsNj H8��q
�GIT^ euzo/,jsÆ1��%6}�,8A+m4 	�Iq}"	jL�ÆS
,80^�*j*Dso +m4o?<�J-+m4o?<VTq_Y4�+8 _J>j�ÆSA�yI�K�o�4)_Y4E�IK >j�I�A+m4o?<}D ÆS�W6�Z���bAH�sMO'rJ7�6�T�ÆSEV0_Y4 �1�A�{8N8t�V2��A'
)"jL0^�� ?<�t�h:�qUZ�{ �}℄?<�t�hUZd/��ÆS
Bo9�P��t2j 3�gIq
Gw? �
�ÆS
B���{83%ITA+m4o?<qo�4Iq_Y4 y;'r7"��?�{8Ux�Hbjx��Wv�jS�_Y4�o�4 t"W6r/6ÆN8��jS�Ds2Sz�zr	+m4o?<V\\g ÆS6P�1VT1��j J>UZR���+m4qo�4Iq_Y4 S"O�jx"r�����+m4RM!d I#7>�{2$�q'T QCD  u<Vd(6>�I� QCDh�zr^�$�'=<�j !d)>j�1IIT[���}�1+m4��W6S�vwÆSA�)f(W6:q1�9
 ��hA�Z&T6; _Y�jg�d=4o _Y�j�Æ	 �B�&td=4W6q�vr�A�[_AhHl t���A'
 v
z��}D��_Y4W6R5_z"=VQOt� [56,57,146–148]�1BUY�
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Progress in the Research of Quark Star

YUE You-ling, XU Feng, LAI Xiao-yu, XU Ren-xin
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Abstract: During the 1960s and 1970s, hadrons were suggested to have substructures, i.e.

quarks. In the 1970s, asymptotic freedom was found in deep inelastic scattering experiments

and soon proved by theory, which inspired the idea of quark matter. Does quark matter exist?

To prove the existence of quark matter or not will put considerable constrain on current theory

of strong interaction. Quark star is one of the possible existences of quark matter. Studying

of quark star is an effective way to understand superanuclear physics. The history of pulsar,

quark star and neutron star is briefly reviewed in §1. We introduce the development of quark

star theory in the early stage and the recent development of color-superconducting. The relation

between pulsar, neutron star and particle physics is also presented. The difficulties to distinguish

quark stars and neutron stars are mentioned. In §2, we present phenomenological description

of quark matter. Phase diagrams considering color-superconducting and quark-clustering are

shown. Possible color-superconducting phase such as color-flavor locked phase and two-flavor

color-superconducting phase are discussed. The highly non-perturbation property of quantum

chromodynamics and the difficulty in lattice quantum chromodynamics are discussed. Possible

evidences for quark matter from heavy ion collider experiments are mentioned. In §3, we summa-

rized the general properties of quark stars and their differences from neutron stars, including the

surface electron layer, the idea of bare quark star, the mass-radius relation, and the upper limit

of spin period. Recent research progresses in the study of quark star are summarized in §4 and

§5. Possible ways to distinguish between quark star and normal neutron star are discussed, i.e.

by featureless spectrum , low mass and small radius , and spin period less than 0.5 millisecond.

Several quark star candidates are suggested, i.e. the accretion-driven millisecond X-ray pul-

sar SAX J1808.4-3658, RX J1856-3754 which has quite good featureless black body spectrum,

and PSR B0943+10 which is likely to have small radius. Infrared emission and possible exis-

tence of accretion disk around newly-discovered pulsar-like stars are also introduced. Theoretical

works including possible formation scenarios of quark stars and the connection to supernova and

gamma-ray burst, the glitch phenomenon and star quark model, and quark star surface property

are presented. Finally, a short introduction of recent work on quark matter as cosmic rays is

given in §6.
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