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from Fukushima & Hatsuda 

Rept.Prog.Phys. 74 (2011) 014001 

Topic in this talk 

Purpose: Suppose that quark matter 

is realized in neutron star cores. 

Then, what happens? 

Confirm/deny it. 



“Color superconductor” 
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vortex 

Color superconductor 

Iida & Baym, Forbes & Zhitnitsky(‘02) 
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1/3 quantized 

vortex 

Color superconductor 

Balachandran, Digal & Matsuura (BDM) (‘05) 

Nakano, MN & Matsuura (‘07), Eto & MN (‘09) 
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1/3 quantized vortex 

Eto & MN (‘09) 
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1/3 quantized vortex 

Superfluid vortex 

Non-Abelian vortex 
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Comment 

Non-Abelian vortices 

were discovered earlier 

in the context of 

Supersymmetry and  

String theory (‘03) 
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Which are  

energetically  
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No flux 
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Abrikosov vortex lattice 



Colorful vortex lattice 



Colorful vortex lattice 

Google画像検索 

“カラフル 水玉” 
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= Gapless modes propagating along the vortex line 

“ground state” fluctuations 

Eto,Nakano&MN(’09) 

1+1 dim effective theory 

Continuous family  

of solutions exists 



What we have found so far 

3.Interaction with quasi-particles  
   (U(1)B phonon, gluons) Hirono,Kanazawa&MN (‘11) 

4.Quark bound states Yasui,Itakuta&MN (’10) 

   Index theorem Fujiwara,Fukui,MN&Yasui (’11) 

   Non-Abelian statistics Yasui,Itakuta&MN(’11), Hirono,Yasui,Itakura&MN(‘12) 

1.Interaction between vortices Nakano,MN&Matsuua (‘07) 

2.Inclusion of strange quark mass  
  decay into one kind 

  Eto,MN&Yamamoto(‘09) 

5.Quantum mechanically induced potential 

 monopole-anti-monopole confined by vortex   

  quark-hadron duality  

  Eto,MN&Yamamoto, Shifman&Yung (‘11) 



Stable 

E&M induced potential 

U(1)EM flux 

Electric & Magnetic U(1)EM interaction 

Vinci,Cipriani &MN  

arXiv:1206.3535 

In the ground state, 

photon-gluon mixing 

occurs: 

massive 

massless 

Meta- 

stable 



U(1)EM flux However, this potential is washed out  

by strange quark mass. 

“Spontaneous magnetization” 

However, very small~O(1)G,  
which cannot be used for NS 

Vinci,Cipriani &MN  

arXiv:1206.3535 

Electric & Magnetic U(1)EM interaction 



Other interesting phenomena 

1. Colored Monopoles at Boojums 
    Cipriani,Vinci & MN,  

    arXiv:1208.5704 

2. Compact Stars as Cosmic Polarizers 
  Hirono &MN,   

  Phys.Rev.Lett.109:062501,2012  

  [arXiv:1203.5059] 

Electric & Magnetic U(1)EM interaction 

Next talk  

 by Hirono 

Here, I’ll  

explain 



What is Boojum? 

Boojum trees in Arizona 

Boojum 

“The Hunting  

Of Snark” 

Lewis Carroll 
A particularly dangerous  

kind of Snark 

http://en.wikipedia.org/wiki/File:SnarkFront.svg


Boojums on the container wall  

in superfluid 3He-A  

Boojum in  

liquid crystal 

Boojums in 3He A-B phase  

boundary 

Boojum in two component BECs 

Kasamatsu-Takeuchi- 

MN-Tsubota, JHEP1011:068,2010 

[arXiv:1002.4265] 

What is Boojum? 
In physics, named by  

D.Mermin (1976) 



Neutron boojum 

= Colorful boojum 

Proton boojum 

Cipriani,Vinci & MN, arXiv:1208.5704 

Boojums at interface of nuclear matter/quark matter 

Dirac monopole 

Confined color monopoles 



Neutron boojum 

= Colorful boojum 

Quark  

matter 

Nuclear 

matter 

Cipriani,Vinci & MN, arXiv:1208.5704 



If quark matter (CFL phase) is realized in neutron star  

core, non-Abelian vortices (color flux tubes) must be  

created and constitute a colorful lattice. 

Discussion 
What is an observational signal?  

Confirm/deny quark matter. 

Questions, discussions, or seminar: nitta@phys-h.keio.ac.jp 

Conclusion 

1.The existence of vortex lattice implies: 

   * Lattice oscillation: Tkachenko, Keivin modes 

   * Transportation of particles, anisotropic neutrino emission? 

   * EOS more stiff (?): anisotropic pressure? 

2. Its rigid rotation yields gravitational wave radiation(?) 





Landau-Ginzburg model from QCD Iida&Baym(‘01) 

Giannakis&Ren(‘02) 

Iida,Matsuura, 

Tachibana&Hatsuda(‘04) 
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Effective action on a vortex 

Nambu-Goldstone modes localized around the vortex 

= Gapless modes propagating along the vortex line 

Eto,Nakano&MN(’09) 

1+1 dim. world-sheet theory 



Gluon mass 

Vortex Tension 



Decay probability of metastable vortices 
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Fermions trapped inside a vortex core 

FC)3(  SUH

FC)]1()2([
                  




USUK

@ vortex core 

Triplet Majorana fermion 

 protected by SO(3) 

Yasui-Itakura-MN,  

Phys.Rev.D81,105003(2010)  

[arXiv:1001.3730] 
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Index Theorem T.Fujiwara, T.Fukui, MN, S.Yasui,  

PRD84,076002 (2011) [arXiv:1105.2115] 
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Ivanov’s 
matrices 

NEW 

Exchange statistics of NA Majorana fermion 



(n=4,Type A3) 

N-simplex and Coxeter  
group are hidden in  
the Hilbert space !! 

Coxeter group 



Abrikosov vortex lattice 


