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QCD phase diagram
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SU(3) QCD

Z =
∫

DUDψ̄Dψ exp
(
−SG −

∫
d4xψ̄(D̂ + m)ψ

)
=

=
∫

DU exp
(
−SG

)
× det (D̂ + m)

Eigenvalues go in pairs D̂ : ±iλ⇒
det (D̂ + m) =

∏
λ(λ2 + m2) > 0

i.e. one can use lattice simulation

Introduce chemical potential: det (D̂ + m)→ det (D̂ − µγ4 + m)⇒
the determinant becomes complex (sign problem)

QC2D

(γ5Cτ2) · D∗ = D · (γ5Cτ2)

Eigenvalues go in pairs D̂ − µγ4: λ, λ∗

For even Nf det (D̂ − µγ4 + m) > 0
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Differences between SU(3) and SU(2) QCD

The Lagrangian of the QC2D has the symmetry: SU(2Nf )
as compared to SUR(Nf )× SUL(Nf ) for SU(3) QCD
Goldstone bosons (Nf = 2) π+, π−, π0, d , d̄

Similarities:
There are transitions: confinement/deconfinement, chiral
symmetry breaking/restoration
A lot of observables are equal up to few dozens percent
(σ, 〈ψ̄ψ〉,Tc ,Mhadrons , ...)
Some of the observables can be rescaled
1
8ESU(3),gluons ' 1

3ESU(2),gluons , 1
3ESU(3),quarks ' 1

2ESU(2),quarks
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Staggered fermions Nf = 4

J.B. Kogut, D. Toublan, D.K. Sinclair, Nucl. Phys. B 642 (2002) 181–209
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One can build CHPT for QC2D

Predictions of CHPT
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Purpose of the work:
Study of dense QC2D phase diagram
Based on the results determine properties of dense SU(3) QCD

Parameters of the calculation:
In the calculation we use staggered fermions with rooting
( Nf = 2 )
a = 0.12 fm, 163 × 36, T = 50 MeV
Diquark source in the action δS ∼ λψT (Cγ5)× σ2 × τ2ψ
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Small chemical potential
µ < 350 MeV
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Diquark condensate

Good agreement with CHPT 〈ψψ〉/〈ψ̄ψ〉0 = 1−m4
π/µ

4

Phase transition at µ ∼ mπ/2
Bose Einstein condensate (BEC) phase µ ∈ (200, 350) MeV
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Chiral condensate

Good agreement with CHPT
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Baryon density

Good agreement with CHPT n ∼ µ− m4
π

µ3

Phase transition at µ ∼ mπ/2

Departure from CHPT prediction starts from n ∼ 1 fm−3

Braguta V.V. Phase diagram of QC2D



Large chemical potential
µ > 350 MeV
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Phase diagram for Nc →∞
Hadronic phase µ < MN/Nc (p ∼ O(1))

Dilute baryon gass µ > MN/Nc (width δµ ∼ ΛQCD
N2

c
)

Quarkionic phase µ > ΛQCD (p ∼ Nc)
Degrees of freedom:

Baryons (on the surface)
Quarks (inside the Fermi sphere |p| < µ)

No chiral symmetry breaking
The system is in confinement phase

Deconfinement (p ∼ N2
c )
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Diquark condensate

Bardeen–Cooper–Schrieffer (BCS) phase µ > 500 MeV,
〈ψψ〉 ∼ µ2

Baryons (on the surface)
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Baryon density

Free quarks n0 = Nf × Nc × (2s + 1)×
∫ d3p

(2π)3 θ(|p| − µ) = 4
3π2µ

3

Quarks inside Fermi sphere

Quarks inside Fermi sphere dominate over the surface:
4
3πµ

3 > 4πµ2ΛQCD ⇒ µ > 3ΛQCD (n ∼ (4− 5)×nuclear density)
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Chiral condensate (chiral limit m→ 0)

No chiral symmetry breaking
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Wilson loop

The system is in confinement phase
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Conclusion:
We observe µ < mπ/2 hadronic phase
Transition to superfluid phase µ ' mπ/2 (BEC)
µ > mπ/2, µ < mπ/2 + 150 MeV dilute baryon gas
BCS phase µ ∼ 500 MeV (n ∼ (4− 5)×nuclear density),
transition BEC→BCS is smooth
BCS phase is similar to quarkionic phase

QC2D is the best approach to study properties of SU(3)
QCD at large baryon density
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