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Basics of µ5

What is chiral chemical potential µ5?

In Phys. Rev. D 78, 074033 (2008), K. Fukushima, et al introduced
the chiral (or axial) chemical potential µ5 as “a mathematical
artifice”, which is conjugated to chiral charge density, to study
the “chiral magnetic effect”;

Why are we interested in µ5?

No “sign problem”⇒ LQCD can calculate it;

Like the CEP in T −µ plane, in Phys. Rev. D 84, 014011 (2011),
M. Ruggieri found a CEP5 in the T − µ5 plane with the
PNJL model etc., which
“paves the way for the mapping of the phases of QCD.”
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µ5 and CEP/CEP5 within chiral models

How to study the effects of µ5?

Add µ5ψ̄γ4γ5ψ to the Lagrangian density.
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Evolution of the CEP in
the T −µ−µ5 space, for
the PNJL model, taken
from Phys. Rev. D 84, 014011

(2011).
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µ5 and CEP/CEP5 within chiral models

BUT, LQCD calculations say, sorry!
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Therefore—

A CEP5 (CP5) in the T − µ5 plane is found;

CEP5 is helpful for detecting CEP in the T − µ plane.
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Basics of Dyson-Schwinger Equations (DSEs)
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Calculations within DSE

The quark DSE reads,

−1
=

−1
+

where

S0(pn, µ5)
−1 = i 6~p+m+ iγ4ω̃n − µ5γ4γ5

and

S(pn, µ5)
−1 = i 6~pA+B + iγ4ω̃nC+ 6~pγ4ω̃nD
+(i 6~pA5 +B5 + iγ4ω̃nC5+ 6~pγ4ω̃nD5)γ5
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Calculations within DSE

−1
=

−1
+

For the vertex, we take Γν(pn, ql) = γν .

For the gluon propagator, we use

the “separable model” Phys. Rev. C 55, 2649 (1997).

g2Dµν(p̃k − q̃n) = δµν [D0f0(p
2
k)f0(q

2
n) +D1f1(p

2
k)pk · qnf1(q2n)]

a Gaussian model Phys. Rev. Lett. 106, 172301 (2011).

g2Dµν(knl) = (δµν − kµkν
k2nl

)D0
4π2

σ6 k
2
nle

−k2nl/σ
2
.

9 / 17



CEP & µ5

Z. F. Cui

Outline

Introduction

µ5 studies
within
DSE

Basics of
DSE

Calculations
within
DSE

Results
within
DSE

How to
understand
& reconcile
the contra-
diction

Application:
finite
volume

Summary

Thanks

Calculations within DSE

−1
=

−1
+

For the vertex, we take Γν(pn, ql) = γν .
For the gluon propagator, we use

the “separable model” Phys. Rev. C 55, 2649 (1997).

g2Dµν(p̃k − q̃n) = δµν [D0f0(p
2
k)f0(q

2
n) +D1f1(p

2
k)pk · qnf1(q2n)]

a Gaussian model Phys. Rev. Lett. 106, 172301 (2011).

g2Dµν(knl) = (δµν − kµkν
k2nl

)D0
4π2

σ6 k
2
nle

−k2nl/σ
2
.

9 / 17



CEP & µ5

Z. F. Cui

Outline

Introduction

µ5 studies
within
DSE

Basics of
DSE

Calculations
within
DSE

Results
within
DSE

How to
understand
& reconcile
the contra-
diction

Application:
finite
volume

Summary

Thanks

Calculations within DSE

−1
=

−1
+

For the vertex, we take Γν(pn, ql) = γν .
For the gluon propagator, we use

the “separable model” Phys. Rev. C 55, 2649 (1997).

g2Dµν(p̃k − q̃n) = δµν [D0f0(p
2
k)f0(q

2
n) +D1f1(p

2
k)pk · qnf1(q2n)]

a Gaussian model Phys. Rev. Lett. 106, 172301 (2011).

g2Dµν(knl) = (δµν − kµkν
k2nl

)D0
4π2

σ6 k
2
nle

−k2nl/σ
2
.

9 / 17



CEP & µ5

Z. F. Cui

Outline

Introduction

µ5 studies
within
DSE

Basics of
DSE

Calculations
within
DSE

Results
within
DSE

How to
understand
& reconcile
the contra-
diction

Application:
finite
volume

Summary

Thanks

Calculations within DSE

−1
=

−1
+

For the vertex, we take Γν(pn, ql) = γν .
For the gluon propagator, we use

the “separable model” Phys. Rev. C 55, 2649 (1997).

g2Dµν(p̃k − q̃n) = δµν [D0f0(p
2
k)f0(q

2
n) +D1f1(p

2
k)pk · qnf1(q2n)]

a Gaussian model Phys. Rev. Lett. 106, 172301 (2011).

g2Dµν(knl) = (δµν − kµkν
k2nl

)D0
4π2

σ6 k
2
nle

−k2nl/σ
2
.

9 / 17



CEP & µ5

Z. F. Cui

Outline

Introduction

µ5 studies
within
DSE

Basics of
DSE

Calculations
within
DSE

Results
within
DSE

How to
understand
& reconcile
the contra-
diction

Application:
finite
volume

Summary

Thanks

How we locate the CEP
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How to understand & reconcile the contradiction

The effective potential for the PNJL model is

Ω = U(Φ;T ) + (M−m)2

4G − 2Nc
∑

s=±1

∫ d3~p
(2π)3

ωs

− 2
β

∑
s=±1

∫ d3~p
(2π)3

ln[F+F−]

where

ωs =
√

(s|~p| − µ5)2 +M2

F± = 1 + 3Φ[e−βω
±
s + e−2βω±

s ] + e−3βω±
s

Question:

The 2nd integral is finite, is a cutoff necessary?
Keywords: Stefan-Boltzmann limit; high-momentum modes.
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PNJL model calculations suggest that µ5 is helpful in de-
tecting the CEP;

However, Lattice QCD calculations, Phys. Rev. Lett. 107,

031601 (2011), J. High Energy Phys. 06 (2015) 094, Phys. Rev. D 93,

034509 (2016), find nothing new;

DSE calculations agree with Lattice QCD results;

PNJL model will be more reliable if well regularized.

Chiral models are

DANGEROUS!
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