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● Phase Diagram at finite μI    

● BCS-BEC Crossover in pion superfluid  



QCD Phase Diagram  

Questions:    1) What is the phase of quark matter at finite μI ?                                       

                       2) Is μI effect similar to μB effect? 
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BCS and BEC Pairing 

in BCS, Tc is determined by thermal excitation of fermions,                                   

in BEC, Tc is controlled by thermal excitation of collective modes. 

Is there a similar BCS-BEC structure for QCD condensed matter ? 
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●there is reliable lattice QCD result at finite T, but not yet precise  

lattice simulation at finite μ,  we have to consider effective models.  

● the physics is vacuum excitation at finite T  but vacuum condensate  

at finite μ. 

●the BCS inspired Nambu-Jona-Lasinio (NJL) model successfully  

describes the chiral condensate and color condensate.  

NJL Model 

chiral thermodynamics 

chiral and color condensate 
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 NJL with isospin symmetry breaking  
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gap equations:    

NJL at Finite μI  
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Phase Structure of Pion Superfluid 

μB 

μI 
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considering all possible channels in the bubble summation 

0

0

0

0 0 0 0 0
0 , 0

1 2 ( ) 2 ( ) 2 ( ) 2 ( )

2 ( ) 1 2 ( ) 2 ( ) 2 ( )
det

2 ( ) 2 ( ) 1 2 ( ) 2 ( )

2 ( ) 2 ( ) 2 ( ) 1 2 ( )
mk M k

G k G k G k G k

G k G k G k G k

G k G k G k G k

G k G k G k G k

   

       

       

       

 

     

     

   

        
 
        

        
 
         

0

, ,   

mM

, ,   

D

Quantum Fluctuations (Mesons) in RPA 

, ,   

     mixing among normal                   in pion superfluid phase 

CPOD2011，  Wuhan, China 

He, Jin, and PZ,  PRD71, (2005)116001 

      

 



8 

Meson Mixing and Goldstone Mode 

mixing angles α between σ and π+ ,  

                         β between σ and π_ ,  

                and  γ between π+ and π_ 

CPOD2011，  Wuhan, China 

Hao and PZ, PLB652, (2007)275 



9 

Meson Spectral Functions 

( , ) 2Im ( , )Rk D k   

BEC BCS 

 meson spectra function between the temperatures  Tc  and  T*                       
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Sun, He and PZ, PRD75,  (2007)096004 



π – π scattering and BCS-BEC Crossover 

BCS:  overlapped molecules, large π – π cross section 

BEC:  identified molecules, ideal Boson gas limit   

BEC BCS 

Normal Phase 
Pion Superfluid 
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BEC BCS 



Yukawa Potential in Quark Matter 

meson exchange in nucleon scattering (1934-1935)  
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meson exchange in NJL at quark level 

     screen mass  
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Meson Screening Mass  

corresponding to the global isospin symmetry breaking, there is a 

Goldstone mode in the pion superfluid,  which leads to a long 

range force between two quarks !   
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Quark Potential in Pion Superfluid 

       1) the maximum potential is located at the phase boundary .                            

2) the potential in pion superfluid is non-zero at extremely high isospin 

density, totally different from the temperature and baryon density effects ! 

      talk by Yin Jiang, 
November 11 
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Conclusion and Outlook 

1)There exists a pion superfluid at high isospin density, and the 

Goldstone mode controls the thermodynamics of the system.   

      

2) There exists a BCS-BEC crossover in the pion superfluid. 

 

3) The maximum coupling is located at the phase transition 

boundary, similar to the temperature and baryon density effects.   

 

4) The coupling is non-zero even at extremely high isospin density, 

totally different from the temperature and baryon density effects. 

 

 

Applications in neutron stars and intermediate energy nuclear 

collisions, like mass-radius relation, pion superfluid in curved 

space, and pion_-/pion_+ ratio.   
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