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gular velocity. Under the rapid imaginary rotation, the potential favors zero Polyakov loop, i.e.,
confinement. Moreover, this perturbatively confined phase can be smoothly connected to the
hadronic phase. The potential calculation exhibits an inhomogeneous distribution of the Polyakov
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loop potential and confirm that spontaneous chiral symmetry breaking occurs in the perturbatively
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1. Introduction

Confinement and chiral symmetry breaking are long-standing problems in Quantum Chromo-
dynamics (QCD). One way to understand these phenomena is to research the properties of QCD
matter under several environments. At finite temperatures, pure gluonic systems (or systems with
infinitely heavy quarks) have the center symmetry, which classifies confinement and deconfinement
of gluons. If the quark mass is finite, then the center symmetry is explicitly broken and the (dis)order
parameter of the center symmetry, i.e., the Polyakov loop becomes only an approximate measure
of confinement. In the quark massless limit, chiral symmetry is exact and the chiral condensate
classifies the chiral symmetry intact or broken phase. Various phases of QCD have been considered
using these order parameters as a function of external environmental parameters. A known example
is the quark chemical potential 𝜇 for a dense system.

In particular, the angular velocity 𝜔 has been attracting experimental and theoretical interests.
As a remarkable experimental result, a substantial angular velocity 𝜔 ∼ 1022 s−1 was reported in
the heavy-ion collision [1]. The effects of rotation are theoretically similar to the effects of density
or chemical potential [2–5]. Interestingly, rotation directly affects gluons and the angular velocity
is a useful probe for confinement and deconfinement.

Chiral phase transition in rotating systems was considered by using the NJL model [3, 6]. For the
confinement-deconfinement critical temperature, the hadron resonance gas model and holographic
QCD model were used [7–11]. They obtained decreasing critical temperature. This is a natural result
because a rotating system is similar to a system with finite density or the chemical potential, where
the critical temperature is decreasing function for the chemical potential. However, the numerical
results from lattice-QCD simulations [12–14] obtained opposite results. They considered imaginary
angular velocity 𝜔 = 𝑖ΩI since real rotation causes the sign problem as real chemical potential,
and their 𝑇𝑐 (ΩI) is a quadratic decreasing function so they concluded that the critical temperature
increases in real rotating systems. New other researches have been carried out and results with
improved models supporting the lattice calculations have been obtained.

In this proceeding, we report the results of our two papers [15, 16]. We utilize the perturbative
Polyakov loop potential to investigate rotation effects based on the first-principles approach. If the
temperature is sufficiently high, QCD or the pure gluonic theory can be perturbatively analyzed
due to the asymptotic freedom. Without rotation, our calculation is the same as obtaining the
Gross–Pisarski–Yaffe–Weiss (GPY–W) potential [17–21]. We should also remark that our study is
for imaginary rotating systems. Interestingly, systems with imaginary angular velocity contain rich
physics. Our work discovered that imaginary rotating systems have a confined phase at any high
temperature, that is, perturbatively confined phase.

2. Derivation of the Polyakov Loop Potential for Imaginary Rotating Systems

We shall perform the one-loop calculation to find the Polyakov loop potential which is known
as GPY–W potential. To simplify the calculation, we adopt the following background method:

𝐴𝜇 = 𝐴B 𝜇 + A𝜇 , (1)

where we decompose the gauge field into two parts. The first term in the right line means the tree-
level of the gauge field, which we call the background part. The background gauge field physically
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corresponds to the classic solution of the action and the tree level calculation gives the result at
high temperature limit. The second term corresponds to the dynamical gauge field and the effective
potential is calculated up to the leading order of this dynamical gauge field. If the temperature is
sufficiently high, the coupling constant is so small that the character of such systems can be obtained
in this one-loop calculation.

At finite temperature, the fourth component of the gauge field 𝐴𝜏 can be diagonalized and
represented by the Cartan subalgebra of su(𝑁). We shall describe the basis of the Cartan subalgebra
as 𝑯 and then we have

𝐴B 𝜇 = 𝑖
𝛿𝜇,𝜏

𝑔𝛽
𝝓 · 𝑯 , (2)

with background parameters 𝝓. The potential is written by these background parameters and
minimized by optimizing the value of them. The favored values of the background parameters
determine the character of the system because the Polyakov loop, the (dis)order parameter of the
confinement-deconfinement phase transition is defined as

𝐿 =
1
𝑁c

tr P exp
(
𝑖𝑔

∫ 𝛽

0
𝐴𝜏 𝑑𝜏

)
≃ 1

𝑁c
tr exp (𝑖𝝓 · 𝑯) . (3)

Here the right hand is the leading order of the Polyakov loop. The system is confined if the Polyakov
loop becomes zero. Since the background parameters and the Polyakov loop are closely related,
our effective potential of the background parameters is also called the Polyakov loop potential. Or,
one can rewrite the potential by using the Polyakov loop value.

To get the potential, we introduce the background covariant derivative by

𝐷B 𝜇 = 𝜕𝜇 + 𝑖𝑔𝐴B 𝜇 = 𝜕𝜇 + 𝑖𝛿𝜇,𝜏 𝛽
−1𝝓 · 𝑯 , (4)

and the gauge fixing condition is as follows

𝐷B 𝜇𝐴
𝜇 = 0 . (5)

In this condition, the Yang–Mills gauge action becomes

tr 𝐹𝜇𝜈𝐹
𝜇𝜈 = tr

[
𝐹B 𝜇𝜈𝐹

𝜇𝜈

B + 4𝐹B 𝜇𝜈𝐷
𝜇

BA
𝜈 + 2A𝜇

(
−𝐷B 𝜈𝐷

𝜈
B
)
A𝜇

]
+ O(A3) , (6)

which means that the partition function is obtained by the determinant of −𝐷2
B Laplacian. The

partition function also has the ghost part, or the Fadev–Popov determinant, which is also obtained
by the determinant of the Laplacian. Half of the gauge contribution, which corresponds to the
non-physical modes of gluons, is canceled by them.

When one considers a rotating system, rotation effects should be included. Here we show
a simple way to consider the rotation. In a rotating system, matter of course rotates in a static
coordinate. However, when the coordinate also rotates, rotating matter becomes static. Then the
above argument can be applied, except that the system has a non-trivial metric. When one fixes
the 𝑧-axis as the rotation axis and adopts the cylindrical coordinate (𝑟, 𝜃, 𝑧, 𝜏), the metric of such a
space-time is represented as

𝑔𝜇𝜈 =

©­­­­«
1 0 0 0
0 𝑟2 0 𝑟2ΩI

0 0 1 0
0 𝑟2ΩI 0 1 + 𝑟2Ω2

I

ª®®®®¬
. (7)
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Here the case with pure imaginary angular velocity 𝜔 = 𝑖ΩI is considered. The partition function
is obtained from the Laplacian by taking the contraction in this metric. The effect of the curved
space-time appears as the emergence of a new term containing the Christoffel symbol. This means
we now have different results for gluons and ghosts, or we have different Laplacians for them. For
the latter, the Laplacian of scalars, which we refer to as the scalar Laplacian, becomes

−𝐺2
B s = −𝑔𝜇𝜈

[
𝐷B 𝜇𝐷B 𝜈 − Γ𝜆

𝜇𝜈𝐷B𝜆

]
= −(𝐷B 𝜏 −ΩI𝜕𝜃 )2 − 𝑟−1𝜕𝑟 (𝑟𝜕𝑟 ) − 𝑟−2𝜕2

𝜃 − 𝜕2
𝑧 , (8)

and for the former, the Laplacian of vectors becomes (using the scalar Laplacian)

(
−𝐺2

B v

) 𝜈

𝜇
=

©­­­­«
−𝐺2

B s + 𝑟−2 2𝑟−3 𝜕𝜃 0 0
−2𝑟−1 𝜕𝜃 −𝑟 𝐺2

B s 𝑟
−1 + 𝑟−2 0 0

0 0 −𝐺2
B s 0

−2ΩI𝑟
−1 𝜕𝜃 2ΩI𝑟

−1 𝜕𝑟 0 −𝐺2
B s

ª®®®®¬
. (9)

The eigenvalues and eigenfunctions of these operators are needed to get the Polyakov loop
potential. Here we skip the detailed derivation of the spectra but the result is as follows. The
eigenfunction of the scalar Laplacian is

Φ𝑛,𝑙,𝒌 ,𝜶 (𝑥) =
𝐸𝜶√︁
2𝜋𝛽

𝑒
𝑖

(
2𝜋𝑛
𝛽

𝜏+𝑙 𝜃+𝑘𝑧 𝑧
)
𝐽𝑙 (𝑘⊥𝑟) , (10)

where 𝑛, 𝑙 ∈ Z, 𝒌 := (𝑘⊥, 𝑘𝑧) ∈ R+×R and 𝜶 is an element of the set of roots Φ of su(𝑁). 𝐸𝜶 is an
eigenmatrix for the Cartan matrix 𝑯 corresponding to a root 𝜶: 𝐷B 𝜏𝐸𝜶 =

(
𝜕𝜏 + 𝑖𝛽−1𝝓 · 𝜶

)
𝐸𝜶. 𝐽𝑙

is the 𝑙-th order Bessel function. The corresponding eigenvalues are given by

𝜆𝑛,𝑙,𝒌 ,𝜶 =

(
2𝜋𝑛 + 𝝓 · 𝜶

𝛽
+ 𝑙ΩI

)2
+ |𝒌 |2 . (11)

For the vector Laplacian, we have the same eigenvalues but four different eigenfunctions. Two of
them are almost the same as scalar ones. They can be written as Ξ

(𝑖)
𝑛,𝑙,𝒌 ,𝜶

(𝑥) = Φ𝑛,𝑙,𝒌 ,𝜶 (𝑥) 𝜉 (𝑖) ,
where 𝜉 (1) := (0, 0, 1, 0)𝑇 and 𝜉 (2) := (0, 0, 0, 1)𝑇 . The remaining two modes are

Ξ
(±)
𝑛,𝑙,𝒌 ,𝜶

(𝑥) = 𝐸𝜶 𝜉
(±)

2
√
𝜋𝛽

𝑒
𝑖

(
2𝜋𝑛
𝛽

𝜏+𝑙 𝜃+𝑘𝑧 𝑧
)
𝐽𝑙±1(𝑘⊥𝑟) , (12)

where 𝜉 (±) := (±𝑖, 𝑟, 0,ΩI𝑟)𝑇 .
One should note that the first two modes and the remaining two modes have different indices

for the Bessel function. The meaning becomes clear when one considers the meaning of 𝑙. From
the eigenfunctions, this 𝑙 is coupled with the angular velocity. That is, 𝑙 refers to the total angular
momentum. The Bessel function comes from our cylindrical coordinate formalism so that the
indices correspond to the orbital angular momentum. The latter two modes then have ±1 spin
angular momentum. They are the physical modes of gluons. In a later section, we see the case of
fermions and we have ±1/2 spin modes in their eigenfunctions.

The Polyakov loop potential is given from the spatial integrand of the free energy 𝐹 =

−𝛽−1 [log Det
(
−G2

B s
)
− 1

2 log Det
(
−G2

B v
) ]

and it becomes

𝑉𝑔 (𝝓; Ω̃I) =
1

4𝜋2𝛽

∑︁
𝜶∈Φ

∑︁
𝑙∈Z

∫ ∞

0
𝑘⊥ d𝑘⊥

∫ ∞

−∞
d𝑘𝑧

[
𝐽2
𝑙−1(𝑘⊥𝑟) + 𝐽2

𝑙+1(𝑘⊥𝑟)
]

× Re log
[
1 − 𝑒−𝛽

√
𝑘2
⊥+𝑘2

𝑧−𝑖𝑙𝛽ΩI+𝑖𝝓 ·𝜶
]
. (13)
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Or, when the logarithm is expanded (and further calculation including the momentum integration
is applied) we have an analytical form of the potential

𝑉𝑔 = −2𝑇4

𝜋2

∑︁
𝜶∈Φ

∞∑︁
𝑙=1

cos(𝑙𝝓 · 𝜶) cos
(
𝑙Ω̃I

){
𝑙2 + 2𝑟2

[
1 − cos

(
𝑙Ω̃I

) ] }2 . (14)

Here 𝑟 = 𝑟𝑇 and Ω̃I = ΩI/𝑇 are the dimensionless parameter.
Naturally, when ΩI = 0 is assigned, the potential reproduces the free energy of the free gluon

gass or well-known GPY–W potential. The potential takes the minima at 𝜙 ∈ 2𝜋Z, for example in
𝑆𝑈 (2) case, which all gives ±1 Polyakov loop value and so the system is always deconfined. Since
our calculation method is for a high temperature system, this means that pure gluonic systems are
deconfined at high temperatures. Our new results are for rotating systems with ΩI ≠ 0.

3. Perturbative Confinement at the Rotating Center

We shall consider the 𝑟 = 0 case first. Here the argument of the Bessel function becomes zero
and all terms with non-zero index vanish. In physics language, only s-wave appears when one sees
the matter at the rotating center. The Polyakov loop potential is obtained by only the spin part and
±1 spin angular momentum makes the term for gluons.

𝑉𝑔 (𝑟 = 0) = 1
4𝜋2𝛽

∑︁
𝜶∈Φ

∑︁
𝑙=±1

∫ ∞

0
𝑘⊥ d𝑘⊥

∫ ∞

−∞
d𝑘𝑧 Re log

[
1 − 𝑒−𝛽

√
𝑘2
⊥+𝑘2

𝑧−𝑖𝑙𝛽ΩI+𝑖𝝓 ·𝜶
]
. (15)

The momentum integration can be done numerically and the result for 𝑆𝑈 (2) with different 𝜙
and Ω̃I values are shown in Fig. 1. As angular velocity increases, the shape of the potential curve
flips and the minimum points move onto 𝜙 = 𝜋, 3𝜋, · · · , where the corresponding Polyakov loop is
zero. Therefore the high temperature systems are confined when imaginary rotation is imposed. A
similar result is obtained for 𝑆𝑈 (3). The right figure of Fig. 1 shows the evolution of the Polyakov
loop value against the imaginary angular velocity for 𝑆𝑈 (2) and 𝑆𝑈 (3). The Polyakov loop vanishes
as angular velocity increases and one observes the phase transition to the confined phase. This
confined phase is a new confined phase at high temperature. We call this phase as perturbatively
confined phase and this phenomenon as perturbative confinement.

One should note that the potential is 2𝜋 periodic for imaginary angular velocity as shown in
the potential. This corresponds to the fact that gluon has one spin. The additional term to the
partition function due to the rotation is given by the exponent of the coupling of the angular velocity
and the angular momentum exp(𝛽𝝎 · 𝑱). When the angular velocity is imaginary, provided the
angular momentum corresponds to the angular derivative, this exponent leads to the angular shift
exp

(
Ω̃I · 𝑙𝜕𝜃

)
with total angular momentum 𝑙. For gluons, the total angular momentum is an integer,

so an angular shift of 2𝜋 gives the same result. This is a 2𝜋 periodicity of imaginary angular velocity.
From the derivation, this is a common property for imaginary rotating systems and the periodicity
should appear regardless of the coordinate setting and the calculation method.

How does the perturbatively confined phase behave at low temperature? We know that the
deconfined phase at high temperature changes into the Hadronic confined phase, but what happens
to the high temperature confined phase? Here we give one suggestion to this question.
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Figure 1: (Left) The values of the potential 𝑉𝑔 (𝑟 = 0) (made dimensionless with 1/𝑇4 and to be zero at
𝜙 = 0 by subtracting the offset) for Ω̃I = 0, 𝜋/3, 2𝜋/3, 𝜋 in the color 𝑆𝑈 (2) case. The graph is periodic in
the direction of 𝜙 with a period of 2𝜋. 𝜙 = 𝜋 minimum point corresponds to confined systems. (Right) The
expectation value of the Polyakov loop as a function of Ω̃I for SU(2) (solid line) and SU(3) (dashed line) at
𝑟 = 0. The system is confined if the Polyakov loop value vanishes. The graph is periodic in the direction of
Ω̃I with a period of 2𝜋 and symmetrical for Ω̃I = 0.

At low temperature, the ghost propagator is enhanced [22, 23]. Since ghosts cancel out the
unphysical modes of gluons, or since the form of the ghosts’ potential is inverted from the gluons’
potential, such an enhancement causes an inversion of the potential. The minimum points of the
potential shift, and the favored value of the Polyakov loop becomes zero. These ghosts’ contribution
to the confinement is the same in rotating systems. As discussed, the angular velocity couples with
the total angular momentum. For ghosts, which have zero spin, the total angular momentum
vanishes at the rotating center. Ghosts are therefore not affected by rotation. They always induce
confinement regardless of the value of imaginary angular velocity.

As a result, the perturbatively confined phase become more confined when the temperature
decrease. That is, systems with large angular velocities are always confined at any temperature. The
perturbatively confined phase can be connected to the Hadronic phase without any phase transition.
Our suggestion for the phase transition and the behavior of phase transition lines are illustrated
in Fig. 2 as our phase diagram on (Ω̃I, 𝑇) plane. Our calculation does not determine the critical
temperature but it should increase since rapid rotation induces confinement. This expectation is
consistent with some model calculations but discrepant with lattice calculations, and further analysis
will be necessary to obtain a unified answer. Further studies may find another deconfined phase of
imaginary rotating systems in the middle temperature region.

4. Spatial Phase Transition of Perturbatively Confined Phase

Previous studies have shown that the Polyakov loop value varies with distance from the rotating
center and this leads to a spatial phase transition in rotating systems [24–26]. We also show this
from our potential calculation with finite radius 𝑟 and obtain the phase diagram on the distance and
angular velocity plane. Here the terms with non-zero orbital angular momentum now come into
the potential. The periodicity for the imaginary angular velocity is not changed but the shape and
the minimum points of the potential can be drastically changed. This results in a change in the
confinement-deconfinement behavior and the spatial phase transition of rotating systems.

6
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Deconfined

?
Confined

Adiabatic
Continuity

Figure 2: Conjectured phase diagram on (Ω̃I, 𝑇) plane at the rotating center, 𝑟 = 0, for the SU(3) case.
The vertical first-order phase transition lines at high temperature are observed in our one-loop calculation.
Increasing critical temperature and connectedness of the confined phases are suggested from our results. The
diagram is 2𝜋 periodic for Ω̃I direction.

As in the previous section, the Polyakov loop is calculated from the minimum point of the
potential for a given fixed value of angular velocity and radius, and it is determined whether the
system is confined or deconfined. The results are shown in Fig. 3. The left figure is for 𝑆𝑈 (2) and the
right figure is for 𝑆𝑈 (3), with the Polyakov loop values indicated by the colors: the Polyakov loop
is zero in the blue dense area (confined phase) and non-zero in orange and yellow area (deconfined
phase). One can think of these figures as a phase diagram on (Ω̃I, 𝑟) plane of 𝑆𝑈 (2) or 𝑆𝑈 (3)
pure gluonic system. The system is always deconfined when the angular velocity is small, while
the confined phase appears when the angular velocity increases. In particular, even if the rotating
center is confined, the system can be deconfined at a large radius away from the center. This implies
the emergence of a spatial phase transition. Here we should emphasize that this 𝑟 dependence or
inhomogeneity is qualitatively consistent with the lattice-QCD results [26]. They calculated the
Polyakov loops at a temperature slightly below the critical temperature and found the same behavior:
the value of the Polyakov loop increases as the distance from the center increases.

It is interesting that 𝑆𝑈 (2) and 𝑆𝑈 (3) have different behavior of the spatial phase transition.
The latter especially has a different deconfined phase: the purple area in the right figure with Ω̃I ∼ 𝜋

and 𝑟 ≥ 0.5, which have a Polyakov loop value of 1/3 (in absolute value). Since the Polyakov loop
value is 1 (in absolute value) in the ordinary deconfined phase, there may exist deconfined matter
with unusual properties in this parameter region.
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Figure 3: Map of the absolute value of the Polyakov loop at different fixed (Ω̃I, 𝑟) for 𝑆𝑈 (2) (Left) and
𝑆𝑈 (3) (Right). Blue dense regions correspond to confined phases with zero Polyakov loop, while other
regions correspond to deconfined phases with finite Polyakov loop. The boundary between the two regions
represents the confinement-deconfinement phase transition line. A jump in the value of the Polyakov loop
implies a first-order phase transition.

0 /2 3 /2 2
0

0.5

1

0

2.5

5

0 /2 3 /2 2
0

0.5

1

0

2.5

5

Figure 4: Polyakov loop |𝐿 | (blue line) and dynamical mass 𝑚̃ (green dashed line) calculated from the
minimum point of the potential at the rotating center 𝑟 = 0 and different imaginary angular velocity Ω̃I for
𝑁𝑐 = 2 (Left) or 𝑁𝑐 = 3 (Right) and 𝑁 𝑓 = 2 QCD.

5. Chiral Symmetry Breaking in the Perturbatively Confined Phase

So far we have discussed pure gluonic systems. In this section, we extend our calculations to
systems with massless quarks and discuss a rotating color 𝑁𝑐 = 2 and flavor 𝑁 𝑓 = 2 QCD system.
We shall take the cylindrical coordinate rotating with matter again, and the fermionic contribution
to the partition function is the determinant of the Dirac operator in the rotating frame,

Zf = Det(𝛾𝜇GB 𝜇 + m) . (16)
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Polyakov loop |L|
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Figure 5: Map of the absolute value of the Polyakov loop (Left) and dynamical mass value (Right) at different
fixed (Ω̃I, 𝑟) for 𝑁𝑐 = 𝑁 𝑓 = 2 QCD. Blue dense regions correspond to a confined phase with zero Polyakov
loop (Left) or a chiral intact phase with zero chiral condensate (Right). The boundary between the blue dense
region and regions with other colors represents the confinement-deconfinement or chiral symmetry breaking
phase transition line. One can see that confined phase (zero Polyakov loop) and chiral broken phase (finite
chiral condensate) appear on the same parameter region.

Here, 𝐺B 𝜇 = 𝐷B 𝜇 − Γ𝜇 is the covariant derivative including the 𝐴B 𝜏 background field with
Γ𝜇 = − 𝑖

4𝜎
𝑎𝑏 𝜔𝜇𝑎𝑏, where 𝜎𝑎𝑏 = 𝑖

2 [𝛾̂
𝑎, 𝛾̂𝑏] and 𝜔𝜇𝑎𝑏 = 𝑔𝜌𝜎 𝑒

𝜌
𝑎

(
𝜕𝜇𝑒

𝜎
𝑏

+ Γ𝜎
𝜇𝜈 𝑒

𝜈
𝑏

)
. We denote

the gamma matrices of the flat space-time by 𝛾̂𝑎 and 𝛾𝜇 = 𝑒
𝜇
𝑎 𝛾̂𝑎. In our calculations, instead of

using a model such as the Nambu—Jona-Lasinio model, we introduce the physical mass 𝑚 of (anti-
)quarks as a dynamical variable. The potential is a function of 𝝓 and 𝑚, and the minimum point of
the potential leads to the Polyakov loop and the quark dynamical mass (or chiral condensate).

The detailed calculation is omitted, but the result is as follows,

𝑉 𝑓 (𝝓; Ω̃I) = − 1
4𝜋2𝛽

∑︁
𝝁∈Φ 𝑓

∑︁
𝑙∈Z

∫ ∞

0
𝑘⊥ d𝑘⊥

∫ ∞

−∞
d𝑘𝑧

[
𝐽2
𝑙 (𝑘⊥𝑟) + 𝐽2

𝑙+1(𝑘⊥𝑟)
]

× Re log
(
1 + 𝑒𝑖[𝝓 ·𝝁−𝑖Ω̃I (𝑙+1/2)]−𝛽

√
𝒌2+𝑚2

)
, (17)

where 𝝁 is a fundamental weight of the su(𝑁) algebra and Φ 𝑓 denotes the set of the weights. The
potential expression is similar to that of the gluon case, but this is for fermions so the logarithm has
the opposite sign. Also, since the quark has 1/2 spin, the total angular momentum which couples
with angular velocity is half-integer. As a result, the fermionic potential is periodic for the angular
velocity by 4𝜋. This corresponds to the fact that fermions revert with a spatial 4𝜋 rotation (or
angular shift) and fermions are anti-periodic in the imaginary time direction. This potential also
leads to the well-known fermionic free gas potential by setting the angular velocity to zero.

The Polyakov loop and dynamical mass values at the potential minimum point are calculated
at the rotating center and results are shown in Fig. 4. The graph has a 4𝜋 periodicity and is
symmetric for Ω̃I = 0. The development of the Polyakov loop is illustrated by the blue line and the
dynamical mass is illustrated by the green line for 𝑆𝑈 (2) (left) and 𝑆𝑈 (3) (right) color QCD. If
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the Polyakov loop is zero, then the system is confined and if the dynamical mass is finite, then the
chiral symmetry is broken. As the angular velocity increases, the system becomes confined and the
chiral symmetry is broken. Since the center symmetry is explicitly broken in systems containing
fermions, the Polyakov loop is not strictly zero unless the dynamical mass diverges. In 𝑆𝑈 (2),
the favored dynamical mass diverges when Ω̃I ∼ 𝜋 and the Polyakov loop can be exactly zero. In
𝑆𝑈 (3), the graph is slightly more complicated, but confinement and chiral symmetry breaking still
occur almost simultaneously.

The same calculation can be done at finite distances away from the rotating center. Figure 5
shows the results of finding the minimum point of the potential with different (Ω̃I, 𝑟) parameters.
Here, we consider only the 𝑁𝑐 = 𝑁 𝑓 = 2 QCD system. The potential has two variables 𝜙 and
𝑚, and the values of them at a potential minimum point correspond to the Polyakov loop and the
chiral condensate. The map on the left plots the former and the map on the right plots the latter.
The dark blue region corresponds to the zero value, which means a confined phase in the left map
and a chiral intact phase in the right map. The boundary between the dark blue region and the
other colors’ region gives the phase transition line and a jump in values refers to a first-order phase
transition. Our calculations show that a confined and chiral broken phase appears when Ω̃I ∼ 𝜋 and
𝑟 are small, and in particular we find that these two phases exist on the same parameter region. As
in the pure gluonic system, a deconfined phase exists at large radii, and a spatial phase transition
appears. A unique deconfined phase with an absolute value of the Polyakov loop not equal to 1
also appears here, which may indicate that the rotating QCD system contains a new and different
deconfinement structure.

6. Conclusions

In this proceeding, we obtained the Polyakov loop potential by a one-loop perturbation cal-
culation and clarified the properties of an imaginary rotating pure gluonic or QCD system at high
temperature. As a result, we discovered a confined phase at high temperature (perturbatively con-
fined phase), and it is suggested that this phase can be connected to the hadronic confinement phase
at low temperature. Rotating systems are inhomogeneous: the perturbatively confined phase at the
rotating center changes to a (possibly singular) deconfined phase at the finite radii. In addition,
calculations with the dynamical quark mass revealed that the chiral symmetry is simultaneously
broken in the perturbative confinement phase. Imaginary angular velocity is a novel theoretical
device to tackle the mechanism of confinement and chiral symmetry breaking.

The consideration of imaginary rotating systems also allows us to explore the phenomena of
real rotating systems that appear in high-energy experiments and neutron stars. However, one should
be careful when extending them to real rotation systems. For example, if the potential is analytically
continued to real rotation, the integral calculation becomes impossible due to the causality problem,
so we need to impose a boundary condition on the system. The inhomogeneity of the rotating
systems came from the emergence of the non-zero orbital angular momenta, and it is not surprising
that such inhomogeneity appears in real rotation experiments as well.
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