
�� �� � �� ��� � 	� 
 � � 	�  � � �

� �� �� � �� � �� � � �

�� ��� � �� �� � � � � � �! � "� # $% �� & ! $ ' � � $  ! �

( ") �� � *+ , " ! �) !.- / �  % ! � � �10 � �

�� ��� � �� � �2 3 �  � 4 , ! � 2 �� 5

6 798: ;< 8= >8= ? @ 6A ; BDC 8E F< E G HIJ = E : KJ F ?



� � � �  
�

� + � � �� " $ � & � " �  � � " & "� "� � � � ! � & " � $ � & � %  � 5

� � ! � �! 2 � � �! �  � � � � �� !

� � "� "� � � � ! � & " � $ � & � %  � 5

� � �
	 � & "� "� � � � ! � & " � $ � & � %  � 5 � � ' � 

� � �
	 � & "� "� - � �% "� � " &�  � � � � �� 

� ' �  � - � & "� "� � � � ! � & " � $ � & � %  � 5 � � ��	 � 

� � + � "� "� � � � ! � & " � $ � & � %  � 5  � � � �! � � ���� 2 � � �! �

� � ! � �� ��  � 5 % �+ & "� "� � � � ! � & " � $ � & � %  � 5

� / � & " � % ! � � " � �� � �  �  � �  � & "� "� � � � ! � & " � $ � & � "� �

� ' � 2 2 �� 5 " � �) ! & �� � ! � � � � � � � �

6 798: ;< 8= >8= ? @ 6A ; BDC 8E F< E G HIJ = E : KJ F ?



� � � � � �� � �  � � � �� � � ��

SBχ

µ [MeV]
200 300 400100

50

100

150

CFLNQ

g2SC

full QCD (?)

2SC

gCFL

uSC

Early Universe

T 
[M

eV
]

Neutron stars

"moderate" diquark coupling
NJL (Rüster et al, hep−ph/0503184)

Lattice (Fodor & Katz, hep−lat/0402006)

Lattice (Ejiri et al., hep−lat/0312006)

QGP/NQ

6 798: ;< 8= >8= ? @ 6A ; BDC 8E F< E G HIJ = E : KJ F ?



� � 
 � � � � � �� 
  	 � � � � � �  
 � � � � ��

� " 2 � � & � �� ! � �� " �  � � �� �

� � � $  � ��
�� � �� 2

� 3 � � ��
�� � �	 
��  	 �  �	 


� � "� ! �! 2 � ! � � � �� ! �

� �� ! � � �� �  � � 3 ! �

� ' �� � � & ! 2 � � � ! � &� ! � $ �

� ��� , � �� �  � ���� ,

?

�� ��� � �� � �� �� � !" �� � �# �� �� �� � $� � �� �� �% % � # & �' �� �� � � ( )*,+ -/. )01

2 3�45 67 48 948 : ; 2< 6 =?> 4@ A7 @ B CDE 8 @ 5 FE A :



�� � �  � �� � � � � � � � � � � � � � �  
 �  �� � � � ��

Hydrogen/He
atmosphere

R ~ 10 km

n,p,e, µ

neutron star with
pion condensate

quark−hybrid
star

hyperon 
star

g/cm 310 11
g/cm 310 6

g/cm 310 14

Fe

−π

K−

s u
e r c n d c t

gp
o

ni
u

p

r o
t o

n
s

color−superconducting
(non−)strange quark matter
(u, d and s quarks)

CFL−K +

CFL−K0

CFL−
0π

2SC+s
(g)2SC

n,p,e, µ
normal

u,d,s

crust

N+e

H

traditional neutron star

strange star

N+e+n

Σ,
Λ,

Ξ,
∆

n superfluid

nucleon star

matter

(g)CFL

quark

��� ���� �	 � 
� � � �� �� ���� �� 
�� ��� ���� �� � � � �� 
�� � ��  !

6 798: ;< 8= >8= ? @ 6A ; BDC 8E F< E G HIJ = E : KJ F ?



� � � � �� 
 � � � � � �� 
  	 � � � � � �

� �� 5 " � � � � )  � ) $ ! � � � 5�� � � ��� 2 � � �! �

� � � �
	 ��� �� ��� � �� � 	 � � � �� ��� �

���  !"# $&%' () ) *+ ,- ./ 01 243 ( - , 5/ 0' 687 9: ;

< => ?@A B�C � �� D ���C E� � E� 	 �

$&F ( - - ,G ) * 3 0' ' H 6 7 9I ;
QCD
O(α  )

245 MeV

181 MeV

Λ
MS
(5) α  (Μ  )s Z

0.1210

0.1156

0.1

0.2

0.3

0.4

0.5

αs(Q)

1 10 100
Q [GeV]

Heavy Quarkonia
Hadron Collisions
e+e- Annihilation
Deep Inelastic Scattering

N
L

O

N
N

L
O

Theory
Data L

at
tic

e

211 MeV 0.1183
s
4 {

J� � � �� � DK� ��� � � �C �� �� � ��C �� D� � 	 D �C � �L � �MN �� �C � K � K D� E � �

OQP RTS U OV WXY �� � OV
Z U[S \ � 	^] : _ ` P R \ U Ua � b

c dfeg hi ejk ej l m cn h oqp ers i rft uvw j r gx w s l



�� �� � � ��� �	 �
 �	 � �	 � � � � �  � � �	 �

� ��� � ��� �� �� � �� � ��� ��

�� � � � � ��! � �" � � ��� � �#%$ & '() �

�� � � * � �+� ,� � � �� ,-+ � �.0/ 12 � 3

kx

kz

ky
4� � �� �� �� � �� � ��� � �

�� � 5 6 � � �� 7 �8 �" � + � 9#;: < & '() =

�� � �?> � �A@ �+ � �� �B �C �� � � 9#$ & '() =

−k

= 3 + 6p−
k

a s

kp

−p Attractive

Repulsive

D EEEEE
FEEEEEG

3 H � � , �� � � � � �I� +� � J

K

LMN MO PQ RTSO UMV W Q UXY ZY X [

\ ]
^ _a` bc dfeg _ih jlk m/ n

o plqr st qu vqu w x oy s z|{ q} ~t } � ��� u } r �� ~ w



� ��� � � �� �� �� �	 � � � � � � � �� 	� � 
 �� �� �

�� 8 , + � � � � � �� � � � H ,C � �� ��� �� � �� � ��� � ! � ��" �# $% �&' ���  ( )

* + ,/ � �� -� - �/. � ,/0 �� " . " �1 � 0 � � ��� �

* + 2/ 3 �� -� - �. � �" 0 �. �� � � � 0 �� " . I + � � 0

4 + � �� @ � B �C �� � � � � � �� �� �� �� �

−k

= 3 + 6p−
k

a s

kp

−p Attractive

Repulsive

H � � , �� , �� � � �

� 5 * *k 6 5 * *k �87 9;: � 5<= k 6 5= < k � >;: � 5 � �" k 6 5" � �k �
d

d

uF

F

q

p

−p

−q

F

F
u

=0−qqp −p =− udu d

o plqr st qu vqu w x oy s z|{ q} ~t } � ��� u } r �� ~ w



� 
   	 �� � 	 � �
 � �� ��� �	

* � � � � ��� � �� " � � � � �� �
\ ]

^ _` bc d eg _h jk � � 9c h � d j��

� �C � � �+ �	 �� �
 � �	 �� ��  � � � �� �

� I �� J � � � �8 I �� 	 ��� �� � �	 ��� �� 1 � �C �� / � 6 2� 9��  

�� � ��� 8 � � ��� � � � � � � � , ��� �� " �

� � � � � � � J8 8 � �� J 	 ��� �'� � �	 ��� �'� 1 � �C ��/ � 6 1� 9��  

� �C �� � � � � �� �� � �� �� � 6 � � � �

� � , ,� �B � 8 � �� �B � �+ 	 ��� �� � � I � �� � � � � , �� �" �@ � 4 I � � ��

� � �+ �� � � � � � � J8 8 � �� J �	 � 3 � 2 � �	 �� � 2 ��� � � � �8 � �C ��� �8 �

o plqr st qu vqu w x oy s z|{ q} ~t } � ��� u } r �� ~ w



� � � � � �� �� �� ��� � � �� � � �� � 	� � 


* H � � , �� , �� � � � 5 * *k 6 5 * *k �87 9 : � 5<= k 6 5= < k � �� > : � 5 � �" k 6 5" � �k �87 9

* � � � � ��� � �� " � � � � �� �

\ ]
^ _` 
 bc d � _ 
 �h j-k / \ ]
^ _` � bc d � _ � �h j k 	



� c h 
 � d j 
�

* �	 � 3 � 
 � �	 � 3 �� � �	 � 3 � 2 � �	 � 3 �
 � � � 2 7� � . � �+ �� @� � 7 ��

+ � �� � � �0 � 1 � �C � � � \^ � 
 � � k � � � " � � � � � � � ��� " � � � �' � �" �� ' ��� �� ���  >( ( > 9 )

H=1
G=U(1) U(1)

U(1)H=

U(1)H=

lockH= 1U(  )

o plqr st qu vqu w x oy s z|{ q} ~t } � ��� u } r �� ~ w



� 
   � � � � � � �� � �� �� � � � � �� � � �

* �C � � �+ �	 � 3 �
 � �	 � 3 � � � � I � �� � � " �1 � � � � 	 � 3 �
 � � � 2

� � � , �� �" �@ � � 4 I � � �� � �� -� - � � > ��� � �
	 � �
	 > � ^	 > � �

� �+8 � � � +� � � � � 7 �� � �8 � H� �

* I �� J �� � �8 I �� 	 � � �� � � I � �� � � � � � 4 I � � �� � �

�� � ��� 8 � � � �� � � � � , �� � �� " �

* � , ,� �B � 8 � �� �B � �+ 	 � � �� � � I � �� � � � � , �� �" �@ � 4 I � � �� � ��� �

* � �+ �� � � � � � � J8 8 � �� J �	 � 3 � 2� � I � �� � � I J�� � " �� � �� @ � � � � �

8 � �C ��� �8 � �8 � � �� 7 � �+ � � � �

* � � � � � � J8 8 � �� J 	 ��� �'� � �	 ��� �'� 1 � �C ��/ ��� 2� 9 �  

� �C �� � � � � � � �� � �� �� � 6 � � � �

o plqr st qu vqu w x oy s z|{ q} ~t } � ��� u } r �� ~ w



� � � � � �� �� �� ��� � � �� � � �� � 	� � 


* H � � , �� , �� � � � 5 * *k 6 5 * *k �7 9 : 5< < k �� 1

* � � � � ��� � �� " � � � � �� �

\ ]
^ _` bc eg _h k 	 � c h 2� 2 � �
�

� � �� � �� e �
� �� � � � � � �

�

* � �� J , � � �� I� +� �� � � � � - � - � �� � ��� � 	
 �� � � � �# � 
 " � �� � >( 1 2 > 9 9 )�

� H �+ �� @ � ,� � @ + � �� �" ,C � �� � � 2 �/ � 2 � � + �� � � � � ,� � � � �� � �� �

� * + �� �� ,C � �� � � 2 �/ � 2 � 6 � 2 9 � � 9

� * �+ �� ,C � �� � � 2 �/ � 2 9 � � 9

� � @ ,C � �� � � 2 �/ � 2 9 � � � 1� � � � 2 � � � � � � � �+ � � � �� � � � �8 � � �� � �

o plqr st qu vqu w x oy s z|{ q} ~t } � ��� u } r �� ~ w



� �� �� �� ��� � � �� � � �� � 	� � 
 � � �� � � � ��  � � � � �

� � � ��� � � �C � I �+� �� � � � �� � �

�� � �@ � � �� +� I � � ��" � �� / �� � ��

�� � � � + � � �� � � �+ + J �� " � �+ �� � � � �� �+ �

�' " �/ n � � 
 �" ��� / n

4� � � m/ n � �C � H � �+ �8 I � � �� � J� �

?

� 	 � �" �� 
 � � 2��� g �  ��� 2 � �

� n�� 1g � ��8 9
2 �

�� 8
g

� - � - �� � � n�� 2 � � � � � � � n � 1 � ��8 9 3 � 2 	 		 � �" �� 
��  ��� 2

o plqr st qu vqu w x oy s z|{ q} ~t } � ��� u } r �� ~ w



� � � � � 	� � � � � � �� � � � ��� � � �� � � � �� � �� �

* �C � . I � � �0 � � H ,C � �� � , , � �� � 1 C � � �� � ��

* � � � �� �+8 � � ��� � , , � �� � 1 C � � �� � � ��

* 5 + � � �� �� � �� � � �� � �" � � � � � �� +� I � � �8 ���� � � �	 C � + , �

�� � � �� 3 �� � � 1 
 9 � � 3 �� / �� 6 � � � �
� ��

� -� - � �� � �
� 9

��
3 � ��

H � � , �� , �� � � � �� �" � � � �� ��" I J .8 � �8 � ��C 0

, �� �8 � � �� �
� �� � � �� #� 6 � � ��

� / ��
� m/ n d

p

−pq

−qu

d

u

o plqr st qu vqu w x oy s z|{ q} ~t } � ��� u } r �� ~ w



� � � � � � � � �� ��� � ��

�� � ���	 
	 
� ��  � �� - � �1 ��� � � > 
� 	 �� ��� � �	 � ��� � �

� �� � � 
 � ��� � 
� �� 	 �� � 
 �� � !	 �� � 
 "�# �� $ %� # �'& 
 � � �	 � � � �	 �

( 	� )*+ )* ,.-/ �01 2354 � ,76 �8 9 � � �: ;<= >@? A AB C ? AD E

FG � �IH JLK AM 	 �� � 
� � �	 % � �� � � �� 	 � & & � � �� � ��� � � 
� 
 � ��

�� � � � & � � � � � 
� 	 �� �� � # � � �	 �	 �

N G � � � JPO ?K AM %� # �'& 
 � � 
� �	 � � � � � �� # � �	 � � 
 � � ��� 	 ��

� 
� � �	 % � � N Q � 
� 	 �� �� � # � � �	 �	 �

R G O ?K A � JTS � � J@K AM � � � 
 � � �U 
 �	 �� � � � 
�	 � %� # �'& 
 � � �	 � � � �	 ��

	 �� �� � # � � �	 �	 � 
� 	 �� ��� �'& � � � N Q � � � � � �

V W@XY Z[ X\ ]X\ ^ _ V` Z aTb Xc d[ c e fgh \ c Y ih d ^



�� �� � � � � � �� 	 � � 	 � � � �
 �� �� �� ��� � � 	

� � �	 �� � � � 
�	 � � %� # �'& 
 � �

δµ−∆

u

d

u

d

p

δµ+∆

p

E    (p)∆ E    (p)∆− +
− −

µur µ- µ
_

µ+ µdg

δµ - ∆

δµ

δµ+∆

� �� � ��� � ! ��� � � 
 �	 �� "�# � � 
 � �� 	 
 %& � � �� %	 � � �� � � � K �S �

V W@XY Z[ X\ ]X\ ^ _ V` Z aTb Xc d[ c e fgh \ c Y ih d ^



� � � �
 �
 � �� 	 � � � �� � �� � � � � � �

� � %� �	 � � � # &	 � U � � �& # � � � %� � � � 
 � � � � � � � �(/ � 01 2 - �� )*+ )* ,3 � 9 �	� � � 
 A� A� A�  E�

1 2 3 4
D�∆Μ

2

4

6

8

mD
2�mg2

1 2 3 4
D�∆Μ

-0.6

-0.4

-0.2

0.2

0.4

mM
2�mg2

mM
2<0

�!!!!
2

� � F � N � R M � � � � � & 
 � & 
 ��

� � � ��� ��� ��� M �� � � � & � � ��� � � � � & 
 ��

� � �
� M  & # � � �� � 	 � � � � � & 
 ��

V W@XY Z[ X\ ]X\ ^ _ V` Z aTb Xc d[ c e fgh \ c Y ih d ^



� ��� � � � � � � � � � � � 	 � � �� � � � � � � � � �	 � 
� � 


��� � 
 � � � � �	 # � �U �	 � � � � � "�# �� $� 
� & � � �� � ��

��� ��� ��� � ?�
N �

� � � �� �#� � �� � � � �U � � � �� � � "�# �� $ � � � � �� � ~~kF µ~~ µ− ms
2

2µkF
s

µ

sm

E(k)

k

��� � �� & ! % �� � �� � � � �� �U � � � � � � �� �� !#"� � F % � �� � �& �

��� � �� & ! � # ! �� % �� � # %� " �"� ! �U # ! �� � � � �� "�# �� $� � N Q$ �� � N Q$ �

��� � %� !� � � & "� � ! � "� "� � �� �� % �� � � � � �� � # � ! � "� "� �&#' ( � � �

��� � G G G

V W@XY Z[ X\ ]X\ ^ _ V` Z aTb Xc d[ c e fgh \ c Y ih d ^



� � � � 	 � � � �� ��� � � 	

(���� )	 
 3�� ) � * 0 	 6 - � 0 �0 2 ) � 0 � 3 � 9 � � � � 
 ABO O ? �� E

� � " �� �� � � � % �& �� �  �� �� ! � "� "� � �

K � �� � � K O �O � ���O � �

� ��  

!" #� $% - ! " $� #%
�K ? � ? � � � ? � �

� ��  

!& #� '% - !& '� #%
� K B �B � ��� B � �

� ��  

!& $ " '% - !& ' " $%
�( ( (

� ) " � � � � %* ! �+ � � �� �+ �
S �-, � ?�

N �

� .� / � 0& � * � 132 !'& � � � $ �' ! * 2 � � � % %# + � � * ��

S �54 � ?�
N � H K A

V W@XY Z[ X\ ]X\ ^ _ V` Z aTb Xc d[ c e fgh \ c Y ih d ^



� � � �
 �
 � �� 	 � � � �� � �� � � � � � � �� �� �� ��� � � 	

� � % �� � + � �# &� �U �+ ) �" � �� �+ � %+ � �� "� 1 � 2 � � � �(�� 0 6 0 � � � )1  3 � 0 � � )3 � 01 1 0 	 9� �  3 � 0 	 
 �� �  3 � � 2 2 9	 3 � 9 �	� � � 
 A�O A� AO E �

0 20 40 60 80 100 120

-0.25
0

0.25
0.5

0.75
1

1.25
m  (M )

m  (0)
M

M

s

Ms
2

µb

2

2

� � 	 
��  ���� � �� � �

� � �  �� �� ��� �� �� � �� � � �

� � �  � � � � � �� �� � ��� � �

� � � 
 �  �� �� � ��� � �

� � ! 
 "  ���� � �� � �

# $&%' () %* +%* , - #. ( /10 %2 3) 2 4 567 * 2 ' 87 3 ,



� � � 	 �� � � � � 	 �� �

$ + � �� 2� � "� �� �� �+ �� ! �+ � �� � � � � "� "� � �' ( � � ! * 2 � � 	
���� �	 
 �� ��� 	 � � �� �� � � �� � � �� �	� � � 
�� � � �� � � �

$ � � ! �+ ! 2 "+ �� "� * � �� % �+ � � � � �� � 2 �

(a)

z
p

µ
x
p

= µ| |

= µ| |

q| |

µ

Bu

Bd

p

p

(b)

z

x
u

dp-q

up+q

2

d


 ��� 	 � � �� �	� � � 
��� �� � �� �

� � �! "# �$ %�$ & ' �` " aTb �c d# c e fgh $ c ! ih d &



� � � 	 �� � � � � 	 �� � �

� 2+ � �� � ! �� � + � � "� � * � $ �' ! * 2 � �


� 	 � �� � ��  � �� � �� � 	 � �� �	� � � 
�� � � � � �  �

20 40 60 80 100

20

40

60

80

��� �	
�� � ���� � � �

� ���� � � �

�� � �� �� � �� �
�� �� � �

� �� � �� �� � �� �� �

� �� � � " �� � � 	

 � � 2� � � � � �� � �� � �� �2 � " ��

0.05 0.1 0.15 0.2

-0.0002

-0.0001

0.0001

0.0002

0.0003

0.0004

0.0005

!" #$&% '%

() # '


� 	 � �� � ��  � �� �	� � � 
��� � �� � � � �


 �� � �� � 	 � �� �	� � � 
��� � ��  � �

* + � "� �� 2, "� "� " � �

� � �! "# �$ %�$ & ' �- " .0/ �1 d# 1 e 234 $ 1 ! 54 d &



�� � � �� �� �� �� �

� . � 	�
 � �� � �� �� � ��� �� �� � � � � � �� � � � � � �� � � �, � � � �� �

� �! � � !, � � � " �

# $� �% � �� �� � � � � �� � �� , � � � � � � � �& ! � � ' ! � � � ! �� � � �� � �

( � � � �& � � � � ! � � �& ) # 	 � % � � � � � � * ! �� � � � ! � � � � � " �� � �

# $� � � ! � �� �� � ! � ��+ � � �� �� � � �� � � � � � � �! � � � � �� � ! �� � �! � �� � � � � � !

( + � � �! �� � � � �� � ,� � - � �� �, ! �� � � �! �� *� � �. �� � �% � � ! � � �! � � � � �&

� � � � � � � �!

# / % �! �� �� �0 � � � � �� � � �. �! �� � � % � � � � � �1 * 1 �32 � � �34 � � � *4 � � �

�5 6 � * �5 6 � � �5 6 � � � � � � � � � 6 7 5 5 � �5 6 89 : � �5 6 8 ; <

( �= ! ! �� � � ! �, > �� �? @ � < �� � � �, � > � � � � � �& * � � > � � � � % � � � � � @ � � <

�� % � � � * �� � �= � * ! �= � A � � � � � � � @ � � � < � � � ! B % & � ! �, � �! " �, > � � � � � B1

C DFEG HI EJ KEJ L M C- H .0/ E1 NI 1 e 234 J 1 G 54 N L



�� � � � �� � �� � � � �� �� � � � � � � �� � 	� � � �� � � 


� 9 1 � �  � * � � � > �� A 5 1 � � > B� �� ��� �� ��� � � � � � � �� �� � �� �� � � � �� !

"$# %'& ( ) *,+ * ( -. ./ / 0 0 0

�1 12 >& � ! A � � # � 3� � �4 � �� � � � � 4 � �  � 56 4 � �7 � �� � �� &

2 � � 1 � � " 18 = B >19 � ! �1 : B �1 ;< �32 =2 @4 > >2 < ( ) *,+ * ( -./ .? .@ A

� / 1 : B %CB �& �! �� " 4 � �7 � �� � �� & ( ) *,+ * ( -. 0 .@ ? D/

� � 1E 1 � � � B % � � ��� �� �6 4 � �7GF 5 34� � � 3 � �� �  � �6 4  3 H �  4 � &

9 ! � * 1 9 � ! �1 8 = B >19 % I �1 ;J � 2 KL @4 > >M < N OPQ + R ( -. 0 .S . 0 .

�1 1T =U � > > � � � V WX � � � � 3 � � � 3 � � �� !6 4 � �7 � �� � �� �� 3 � � 5 � � � � � � �&

9 % I �1 � � �ZY 1[ \] �34 >^ @4 > >^ < ( ) *,+ * ( -.@ .? ? 0@

� $12 1 : % � " � � " I �� � _� 3 �� � 4 � � �� � �� 3� � �4 � �� �� � � 4 � �  `  � �&

5 �= � A 1 9 % I �1 a ; @4 > >^ < � �� � ! � � � N OPQ + R ( -.@ / . .b /

C DFEG HI EJ KEJ L M Cc H d$e Ef NI f e ghi J f G ji N L


