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╣ Ⱨ║phase diagram of QCD

Crossover at low chemical 
potential--╣╬ͯ ╜▄╥;

First-order transition at moderate 
chemical potential to quarkyonic
matter--might be covered
by inhomogeneous LOFF state;

Color superconductor at high 
chemical potentialςcrystalline 
structure.
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╣ Ⱨ╘phase diagram
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D. T. Son and M. A. Stephanov, 
Phys. Rev. Lett. 86, 592 (2001).

1. Pion superfluidity for ‘ ά Ƞ
2. Well defined second order transition;
3.  Critical point for deconfinement;
4.  Massless Goldstone mode with Ὅbreaking.

Gergely9ƴŘǊɝƻŘƛΩǎtalk at
Goethe University of Frankfurt



BEC-BCS crossover
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G. Sun, L. He and P. Zhuang, Phys. Rev. D 75, 096004 (2007).

1. The two-color QCD is almost the same as isospin QCD;
2. Dilute diquark/pion BEC after Ⱨ╬to quark (antiquark) 

BCS crossover;
3. For □▲ Ⱨ ȿⱧȿ, unpaired quark (antiquark)

components  increases.



Quarksonicmatter VS quarkyonicmatter
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1. A free quark (antiquark) fermi sea
with mesonicexcitations;

2. Can  be verified in LQCD;
3. Pairing, Goldstone mode and 

gluodynamicsat large ȿ‘ȿ.

1. A free quark fermi sea  
with baryonic excitations;

2. Proved in large ὔ limit 
and  two-color LQCD;

3. QuarkyonicChiral Spiral.



Large ╝╬limit and phase diagram
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1. !ŎŎƻǊŘƛƴƎ ǘƻ άƭŀǊƎŜ ὔ ǾƻƭǳƳŜ ƛƴŘŜǇŜƴŘŜƴŎŜέΣ ǘƘŜ ǇƘŀǎŜ 
transitions are independent of Ὕbelow Ὕ;

2. Beyond ά , the isospin density is of order ὔ ;
3. Quarksonicmatter is realized only when large enough 

fermi sea is established.
4. Pion superfluidity happens at higher temperature than Ὕ .



Perturbative calculations--╫Ⱬ
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The perturbative form of pion condensate: 

The exact value of ὦ is very important for correct results.

Considering , the quark propagator takes   

The self-energy should be evaluated in order to get correct ὦ.



Exact value of ╫Ⱬ
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The self-energy is quite similar with that in ‘
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The effect is modifying the definition of energy:

Using energy projectors to write                                      , then
the gap equation becomes



Exact value of ╫Ⱬ
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The gluon propagators
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The gap equation is similar with that in color superconductivity

R. D. Pisarskiand D. H. Rischke, Phys. Rev. D 61, 074017 (2000).



Exact value of ╫Ⱬ
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By comparing the gap equations, we have
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Then the gap with ▓ can be derived as

For color superconductivity, the coefficient is



Pure gluodynamicsapproximation

122016/10/26

For large ȿⱧ╘ȿ, the thermodynamic potential 
has three parts:

The pure gluon potential can be modified from LQCD
by changing

The  quark part is inspired from effective model with
free qusi-quarks

determined 
by four loop ♪▼



Numerical results
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1. From Ὑ , large free fermi sea is established for large 
‘ --quarksonicmatter verified;

2. From heat capacity ὧ, the main thermal excitation 
is Goldstone modes at low temperature, gluons 
contribute immediately after deconfinementand 
quarks domain at higher temperature.



Strong EM field in HIC
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W.-T. Deng, X.-G. Huang, PLB 742, 296 (2015). 

In LHC, magnetic field is even larger
ττ1 ╖▄╥ .
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QCD phase diagram in
strong EM field ?



Inverse magnetic catalysis (LQCD)
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G. Bali, et al., JHEP 1202 (2012) 044; 
Phys.Rev. D86 (2012) 071502(R);  
G. 9ƴŘǊǃŘƛ, JHEP 1507 (2015) 173 .

(1) At ╣ , increases with ║; around ╣╬, 
decreases with ║;

(2) ╣╬monotonically decreases with B;
(3) ╣╬converges to a finite value at large enough 

B and the crossover becomes first order.
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Pion superfluidityin magnetic field
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The Lagrangianof Nambu-Jona-Lasiniomodel

The mean field thermodynamic potential 

Can not be simply expressed by Landau levels of 
u and d quarks as is charged

GL expansion around small ɝ



Gap equations
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In order to get rid of gauge dependence, 
we should introduce Wilson line to ɝ. 

Quark propagators in Schwinger representation: 

Then A and B can be expressed in momentum space:

The critical gap equations ὃ π



Phase transition lines
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╣ ╣

The critical mass and chemical 
potential both increases with ὄ
--inverse magnetic catalysis

de Haasτvan Alphanoscillation
shows up in the critical mass


