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Motivation:

QCD action can be separated into right and left parts:
SQCD = SR + SL

There is symmetry between right and left parts

One can introduce asymmetry of the form µ5Q5, Q5 = QR − QL

SQCD(µ5) = SR(µ = +µ5) + SL(µ = −µ5)

µ5 6= 0 can be created in

Heavy ion collisions
Neutron stars and supernovae
Early Universe
Dirac and Weyl semimetals (~E ||~H)
Elastic deformation

How nonzero chiral chemical potential influences the properties of QCD
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Results:

Decrease of the critical temperature with chiral chemical potential

Decrease of the chiral condensate with chiral chemical potential
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Studies of the phase diagram of chiral QCD
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Results:

Increase of the critical temperature with chiral chemical potential

Increase of the chiral condensate with chiral chemical potential
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SU(2) QCD
with

nonzero chiral chemical potential
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Details of the calculation:
Dynamical staggered fermions (Nf = 4) + Wilson action (SU(2))
Link modification:
U → Ueµ5γ5 , U+ → U+e−µ5γ5 ⇒ nonlocal action

Chiral chemical potential:
δSµ5 = 1

2µ5a
∑

x(−1)x2(ψ̄x+δŪx+δ,xψx − ψ̄x Ū
†
x+δ,xψx+δ)

Correct continuum limit: δSµ5 |a→0 → µ5
∫

d4x Q̄
(
γ4γ5 × 1

)
Q

6× 203(mπ ∼ 300MeV), 10× 283(mπ ∼ 500MeV)
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Observables:

The Polyakov loop (confinement/deconfinement transition)

L = 1
N3
σ

∑
n1,n2,n3

〈Tr
Nτ∏

n4=1
U4(n1, n2, n3, n4)〉

The chiral condensate (chiral symmetry breaking/restoration
transition)
a3〈ψ̄ψ〉 = − 1

NτN3
σ

1
4

∂
∂(ma) logZ = 1

NτN3
σ

1
4 〈Tr 1

D+ma 〉

The Polyakov loop susceptibility
(position of the transition)
χL = N3

σ

(
〈L2〉 − 〈L〉2

)
The disconnected part of the chiral susceptibility
(position of the transition)
χdisc = 1

NτN3
σ

1
16 (〈(Tr 1

D+ma )2〉 − 〈Tr 1
D+ma 〉

2)
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Polyakov loop and chiral condensate
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Susceptibilities
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Fixed temperature scan
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Results of the calculation:

The critical temperatures increase

The critical temperatures of the confinement/deconfinement phase
transition and of the chiral symmetry breaking/restoration coincide
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SU(3) QCD
with

nonzero chiral chemical potential
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Details of the calculation:
Dynamical Wilson fermions (Nf = 2) + Wilson action (SU(3))
Link modification:
U → Ueµ5γ5 , U+ → U+e−µ5γ5

Continuum limit: δSµ5 |a→0 → µ5
∫

d4x Q̄
(
γ4γ5 × 1

)
Q

4× 163(mπ ∼ 400MeV)
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Polyakov loop
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Chiral condensate
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Polyakov loop susceptibility
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Chiral condensate susceptibility
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Results of the calculation:

The critical temperatures increase

The critical temperatures of the confinement/deconfinement phase
transition and of the chiral symmetry breaking/restoration coincide
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Summary:

QCD-like theories:
SU(2) Nf = 4
SU(3) Nf = 2

Different ways of introduction of chiral chemical potential
Similar results (enhancement of chiral symmetry breaking)
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Chiral catalysis
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NJL model (UL(1)× UR(1), Nc colors)

SE =
∫

d4x
(
ψ̄
(
∂̂ + m − µ5γ4γ5)ψ − G

[
(ψ̄ψ)2 + (ψ̄iγ5ψ)2

])

SE =
∫

d4x
(
ψ̄
(
∂̂ + m − µ5γ4γ5 + σ + iγ5π

)
ψ + 1

4G
[
σ2 + π2])

Seff =
∫

d4x
(

1
4G (σ2 + π2)− Tr log

(
∂̂ + m − µ5γ4γ5 + σ + iγ5π

))

Gap equation (Nc →∞, m→ 0)

δSeff
δσ = σ

2G − Nc
∫ d4k

(2π)4Tr
[

1
i k̂−µ5γ4γ5+σ+iγ5π

]
= 0

Dynamical mass M = σ

π2

GNc
=
∫ Λ

0 k2dk
[

1√
(|~k|−µ5)2+M2

+ 1√
(|~k|+µ5)2+M2

]
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Gap equation

1
αNJL

− 1 =

(
y2 − x2

2

)
log

1
x2

αNJL =
GNcΛ2

π2 , x =
M
Λ
, y =

µ5

Λ

Properties (µ5 = 0):

αNJL < 1 no solutions, M = 0, E 2 = ~p2

αNJL > 1 there is solution M 6= 0, E 2 = ~p2 + M2
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Weakly coupled chiral plasma (αNJL � 1)

There is no solution if µ5 = 0

Solution appears if µ5 6= 0 even for vanishingly small
interaction⇒ chiral symmetry is spontaneously broken

M2 = Λ2 exp
[
− π2

GNcµ25

]
Very similar to superconductivity ∆ = ωD exp (−const/GSνF )

Chiral plasma is unstable with respect to chiral symmetry
breaking and condensation of Cooper pairs
CME cannot be realized for small temperatures

µ5 creates dynamical chiral symmetry breaking
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Chiral plasma at moderate strength (αNJL = 1− 0)

There is no solution if µ5 = 0

Solution appears if µ5 6= 0 ⇒ chiral symmetry is
spontaneously broken

µ5 ∼ M: M2 ' 2µ2
5

(
1− 1−αNJL

αNJL
1

2y2 log ( 1
2y2

)

)
.

µ5 creates dynamical chiral symmetry breaking
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Strongly coupled chiral plasma (αNJL > 1)

µ5 � M0: M2 ' M2
0

(
1 + 2 µ25

M2
0

)
.

µ5 ∼ M0: M2 ' 2µ2
5

(
1− 1−αNJL

αNJL
1

2y2 log ( 1
2y2

)

)
.

µ5 enhances dynamical chiral symmetry breaking

Prediction:
In strong coupling region NJL model (also CHPT) predicts that
dynamical fermion mass is quadratically rising function at small µ5 which
switches to linear rising behaviour at large µ5
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Chiral symmetry breaking as condensation of Cooper pairs (BCS theory)
Vacuum: |vac〉 = Ĝ1Ĝ2Ĝ3|pF 〉,

Ĝ1 =
∏

p

(
cos (θL)− sin (θL)â+

L,p b̂+
L,−p

)
Ĝ2 =

∏
p>µ5

(
cos (θR ) + sin (θR )â+

R,p b̂+
R,−p

)
Ĝ3 =

∏
p<µ5

(
cos (θ̃R ) + sin (θ̃R )b̂R,−p âR,p

)

Energy:

Evac = 2Nc

[∫
p<µ5

d3p

(2π)3
(p−µ) cos2 θ̃R+

∫
p>µ5

d3p

(2π)3
(p−µ) sin2

θR+

∫ d3p

(2π)3
(p+µ) sin2

θL

]

−GN2
c

(∫
p<µ5

d3p

(2π)3
sin 2θ̃R +

∫
p>µ5

d3p

(2π)3
sin 2θR +

∫ d3p

(2π)3
sin 2θL

)2

Minimum energy is realized at the gap equation

µ5 > 0 creates Fermi spheres of right particles and right antiparticles

Fermi spheres are not necessary, ρ5 6= 0 is sufficient (in CHPT ρ5 ∼ f 2
πµ5)

Due ρ5 6= 0 additional fermion states participate in chiral symmetry breaking

µ5 plays role of catalyst of chiral symmetry breaking due to additional fermion states (model
independent result applicable not only in QCD)

We called this phenomena: CHIRAL CATALYSIS
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R,p b̂+
R,−p

)
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∏
p<µ5

(
cos (θ̃R ) + sin (θ̃R )b̂R,−p âR,p

)
Energy:

Evac = 2Nc

[∫
p<µ5

d3p

(2π)3
(p−µ) cos2 θ̃R+

∫
p>µ5

d3p

(2π)3
(p−µ) sin2

θR+

∫ d3p

(2π)3
(p+µ) sin2

θL

]

−GN2
c

(∫
p<µ5

d3p

(2π)3
sin 2θ̃R +

∫
p>µ5

d3p

(2π)3
sin 2θR +

∫ d3p

(2π)3
sin 2θL

)2

Minimum energy is realized at the gap equation

µ5 > 0 creates Fermi spheres of right particles and right antiparticles

Fermi spheres are not necessary, ρ5 6= 0 is sufficient (in CHPT ρ5 ∼ f 2
πµ5)

Due ρ5 6= 0 additional fermion states participate in chiral symmetry breaking

µ5 plays role of catalyst of chiral symmetry breaking due to additional fermion states (model
independent result applicable not only in QCD)

We called this phenomena: CHIRAL CATALYSIS
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L,p b̂+
L,−p

)
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Ĝ3 =

∏
p<µ5

(
cos (θ̃R ) + sin (θ̃R )b̂R,−p âR,p
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Numerical simulation of Dirac semimetals
Staggered fermions with rooting

Instantaneous Coulomb interaction with αeff
Asymmetry in Fermi velocity

The first study of the phase diagram in (αeff , v⊥/v‖) plane
V.V. Braguta, M.I. Katsnelson, A. Yu. Kotov, A.A. Nikolaev, Phys.Rev. B94 (2016) no.20,
205147
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Chiral density and
confinement

(Preliminary results)
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µ5 6= 0 leads to ρ5 6= 0 (In CHPT ρ5 ∼ f 2
πµ5)

Due to the axial anomaly ρ5 6= 0 leads to the fluctuation of topological charge

The larger µ5 the larger the fuctuations of topological charge
(µ5 as a fluctuation catalyst)

New type of QCD–like theory:
Properties of QCD with enhanced topological charge fluctuations

Idea: Confinement will be “enhanced”
“Color confinement from fluctuating topology”, D. Kharzeev, Int.J.Mod.Phys. A Vol. 31, (2016),
1645023
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Details of lattice simulation:
SU(3)
Dynamical staggered fermions with rooting
(In continuum Nf = 2)
Lattices (The physical volume is fixed: L ' 1.7 fm):

a = 0.128 fm, Ls = 14
a = 0.105 fm, Ls = 16
a = 0.086 fm, Ls = 20

Pion masses:
mπ = 410 MeV
mπ = 580 MeV
mπ = 700 MeV
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We observe only divergency ρ5 = 0.057
a2

µ5

It is difficult to see physical result since ρ5 ∼
0.057+(afπ )2

a2
µ5 = 0.057+0.002

a2
µ5

We have predictions of CHPT: ρ5 ∼ f 2
πµ5
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Chiral chemical potential enhances the topological charge
fluctuations
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Chiral chemical potential enhances the string tension
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Conclusion
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Conclusion:

We carried out numerical study of SU(2) and SU(3) QCD with
nonzero chiral chemical potential

Critical temperatures of confinement/deconfinement and
breaking/restoration of chiral symmetry transitions rise with chiral
chemical potential

CHIRAL CATALYSIS: Chiral chemical potential creates/enhances
chiral symmetry breaking

Chiral plasma is unstable with respect to chiral symmetry breaking
and condensation of Cooper pairs for T < Tc

Chiral chemical potential enhances the topological charge
fluctuations and, as the result, the string tension is enhanced

V.V. Braguta


