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By using the analytic continuation method, a polarized Polykov-loop potential at finite real angular
velocity is constructed from the lattice results at finite imaginary angular velocity. The chiral and
deconfinement phase transitions under rotation have been simultaneously investigated in the polarized-
Polyakov-loop Nambu–Jona-Lasinio (PPNJL) model. It is observed that both critical temperatures of
deconfinement and chiral phase transition increase with the angular velocity, which is in consistent with
lattice results. The spin alignment of vector meson has the negative deviation of ρ00 − 1=3 under rotation,
and the deviation in the PPNJL model is much more significant than that in the NJL model and the quark
coalescence model, which revealing the important role of rotating gluons on the quark polarization.
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I. INTRODUCTION

For nearly a century, it has been recognized that the
coupling between spin and orbital angular momentum plays
a crucial role, for example in the Barnett effect [1–3]. This
effect, which manifests as an increase in magnetization due
to rotation, is influenced by the intricate interplay between
these two types of angular momentum. In recent two
decades, spin-orbit interactions in noncentral heavy-ion
collisions has attracted lots of interests.
In noncentral ultrarelativistic heavy-ion collisions, the

orbital angular momentum has a magnitude on the order of
Oð104–105Þℏ [4], with the local angular velocity in the
range of 0.01 to 0.1 GeV [5]. The spin-orbit coupling of
quantum chromodynamics (QCD) could give rise to numer-
ous intriguing phenomena. For example, Liang andWang in
2005 predicted the global spin polarization for the final-state
hyperons [6] as well as vector meson spin alignment [7].

The STAR Collaboration observed the global polarization
of Λ and Λ̄ hyperons in noncentral heavy-ion collisions in
2017 [8–10]. In 2020, the ALICE Collaboration reported
spin alignment of ϕ and K�0, and ρ00 < 1=3 for both ϕ and
K�0 vector mesons with small transverse momenta at a
center-of-mass energy (

ffiffiffiffiffiffiffiffi
sNN

p
) of 2.76 TeV [11]. The STAR

Collaboration also reported the measurement of spin align-
ment for ϕ and K�0 vector mesons at energies ranging fromffiffiffiffiffiffiffiffi
sNN

p ¼ 11.5 to 200 GeV, with the global spin alignment
for ϕ yielding unexpected results that ρ00 > 1=3 with a
large deviation from 1=3, while ρ00 ≈ 1=3 for K�0 [12] in
2023. The reasons for the varied results in the spin align-
ments of the two vector mesons remain unclear, prompting a
series of extensive studies [13–27].
Meanwhile, QCD matter under rotation has also attracted

much attention in recent years, such as in the study of pion
superfluidity [28–30], ρ meson superconductivity [31,32],
chiral and deconfinement transitions, and so on. The chiral
symmetry breaking and its restoration, and confinement-
deconfinement phase transition are most important topics in
QCD. In noncentral heavy-ion collisions, the system carries
large magnitude of orbital angular momentum to create a
state of rotating quark-gluon plasma (QGP). This raises the
natural question whether rotation affects the QCD phase
transition and how the transition evolves with rotation.
Currently, there has been considerable theoretical research
dedicated to this subject. Specifically, in relation to the
chiral phase transition, there have been numerous compre-
hensive investigations in Refs. [33–41]. These studies
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have revealed that rotation suppresses the chiral critical
temperature. In contrast, the impact of rotation on the
deconfinement phase transition is less understood. Using
the holographic QCD approach, it has been found in
Ref. [42] that the deconfinement critical temperature
decreases with increasing angular velocity, which is
supported by other holography studies [43–55]. A hadron
resonance gas model obtained results are in consistent with
those of holographic QCD models [56]. However, recent
lattice QCD simulations [57–59] have suggested that the
critical temperature of the confinement phase transition in
gluon dynamics rises with increasing angular velocity,
which is opposite to above results obtained in effective
models. It should be mentioned that very recently, the
deconfinement and chiral restoration phase transition
under rotation from holography in an anisotropic gravita-
tional background was studied, and the result is also
consistent with those of lattice QCD [60].
The inconsistency between the effective model calcu-

lations and lattice results on rotation could be due to the
absence of nonperturbative gluonic effects in the model
calculations. The quarks have the spin of 1=2, and gluons
have the spin of 1, in principle, gluons are more sensitive to
rotation due to the coupling between the spin and orbital
angular momentum. It has been observed in [61] that the
spin-1 vector meson shows Zeeman-like behavior under
rotation, and the mass of the spin component sz ¼ 1 vector
meson decreases linearly with ω, while constituent quark
mass almost does not change under small angular velocity.
This indicates that spin-1 vectors are more sensitive to
rotation than that of spin-1=2 quarks. It is reasonable to
expect that spin-1 gluons exhibit similar behavior to the
vector mesons under rotation.
In [33–40], the investigation of chiral phase transition

under rotation did not take into account the effect from
rotating gluodynamics. Therefore, in this work, we try to
investigate how rotating gluodynamics would affect the
chiral phase transition. Recently, the rotating gluon system
has been considered in [62,63]. In this work, we will
construct the polarized Polyakov-loop potential induced by
rotation based on the lattice results of Ref. [57], and add the
2-flavor NJL model on this polarized Polyakov-loop
potential, we call this model as PPNJL. It should be
mentioned here that these lattice simulations were carried
out for imaginary rotation and the results with real rotation
were based on analytic continuation. Then we investigate
the chiral phase transition of QCD and the spin alignment
of the vector meson ρ. The PPNJL model was chosen for its
effectiveness in describing chiral symmetry breaking and
the confinement mechanism [64–70].
The organization of this work is as follows. We con-

struct a polarized Polykov-loop potential based on lattice
results in Sec. II. In Sec. III, we add 2-flavor NJL model
on polarized Polykov-loop potential, and construct the
2-flavor PPNJL model, and introduce how to calculate the

quark polarization as well as the spin alignment of the
vector meson. Then in Sec. IV, we present numerical
results and discuss the effective quark mass, Polyakov-
loop, the chiral and deconfinement phase transitions, as
well as the spin alignment of the ρ meson under rotation.
Finally, we give summary and discussion at the end of
the paper.

II. POLARIZED POLYAKOV-LOOP POTENTIAL
UNDER ROTATION

The first lattice study of rotating QCD matter was
conducted in Ref. [71]. Recently, a series of studies on
the properties of SU(3) gluodynamics under rotation using
lattice simulations have been undertaken [58,59,72–76].
Due to the sign problem, the Monte Carlo simulations are
conducted with the imaginary angular velocity and the
deconfinement phase transition is found shifted to lower
temperature as the imaginary angular velocity increases
[58,59,72,73].
In order to effectively take into account the rotating gluon

background, we construct the polarized Polyakov-loop
potential induced by rotation based on the lattice results
of Ref. [57]. To investigate the influence of rotation on
gluon dynamics properties, we take the rigid cylinder
rotating around the z-axis with constant angular velocity
ω. The rotational systemmust satisfy the causality condition
ωr < 1, and thus, in principle, the boundary conditions
should be taken into account. In Ref. [57], three types of
boundary conditions including open boundary conditions
(OBC), periodic boundary conditions (PBC), and Dirichlet
boundary conditions (DBC) were considered. However, the
results indicate that the qualitative behavior does not depend
on the boundary conditions. In our calculations, we choose
the lattice result in Ref. [57] in the case of PBC.
In Fig. 1, the triangle dots are the Polyakov-loop Φ

in [57] as a function of the scaled temperature T=T0 with
different ΩI . Note that the Polyakov-loop Φ monotonically
increases with the temperature. In order to keep this
property and inspired by [57,77], we employ ΩI → iω
and expand the Polyakov-loop Φ by the rescaling of
temperatures

ΦðT;ωÞ ¼ ΦðT 0;ω ¼ 0Þ;
T ¼ T 0 þ k2ðT 0Þω2 þ k4ðT 0Þω4: ð1Þ

Here, k2, k4 are temperature depended parameters, which
are fitted by the lattice results at imaginary angular velocity.
Due to the small angular velocities, we only consider first
4-order of ω. With Eq. (1), we extrapolate the Polyakov-
loop Φ from imaginary angular velocity to real angular
velocity, which are shown as hollow dots in Fig. 1. We
introduce an analytical function fðT;ωÞ to fit the
Polyakov-loop empirically in a certain temperature interval,

SUN, SHAO, WEN, XU, and HUANG PHYS. REV. D 109, 116017 (2024)

116017-2



ΦðT;ωÞ ¼
�
T
T0

�
2

fðT;ωÞ; ð2Þ

with

fðT;ωÞ ¼ aðωÞ tanh
�
bðωÞ

�
T
T0

− cðωÞ
��

þ dðωÞ; ð3Þ

where xðωÞ ¼ x0 þ x2ω2 þ x4ω4 for x∈ fa; b; c; dg with
ω values in unit of MeV. The corresponding coefficients are
determined by setting Polyakov-loop Φ consistent with the
analytical continuation results, which are listed in Table I.
We plot them as solid lines in Fig. 1. It is observed that
indeed, though the critical temperature for deconfinement
phase transition is shifted to lower temperature as the
imaginary angular velocity increases, while the critical
temperature is shifted to higher temperature as the angular
velocity increases.
In Fig. 2, we present a 3D plot of the Polyakov-loopΦ as

a function of the real angular velocity ω and the scaled
temperature T=T0. It is evident from this figure that the
critical temperature of the confinement-deconfinement
phase transition increases with the growing angular
velocity.

Here, it should be mentioned that in Ref. [57], the
normalization of the Polyakov-loop was not performed. In
realistic calculations, a normalization factor needs to be
introduced, resulting in a rescaling of the Polyakov-loop
value, i.e., Φnor ¼ C ·ΦLatt. In our study, the introduction
of a normalization factor has been shown through numeri-
cal calculations not to alter the qualitative behavior under
investigation. For simplicity, we set the normalization
factor C ¼ 4, which provides a more reliable value for
the Polyakov-loop when the angular velocity is very small
and the temperature is high. In the remainder of this article,
Φ denotes the normalized Polyakov-loop.
Then, we construct a polarized Polyakov-loop potential

UðΦ; Φ̄; T;ωÞ of the globally rotating pure gluon system,
which satisfies the Zð3Þ center symmetry as in the pure
gauge QCD Lagrangian. The normalized Polyakov-loop
should be the solution of the gap equations,

∂UðΦ; Φ̄; T;ωÞ
∂Φ

¼ ∂UðΦ; Φ̄; T;ωÞ
∂Φ̄

¼ 0: ð4Þ

The expression of the potential is given as

UðΦ; Φ̄; T;ωÞ
T4

¼ −CfðT;ωÞ
�
T
T0

�
2

ΦΦ̄ −
1

3
ðΦ3 þ Φ̄3Þ

þ C−1f−1ðT;ωÞ
�
T
T0

�
−2
Φ2Φ̄2; ð5Þ

with the parameters listed in Table I.

III. THE TWO-FLAVOR PPNJL MODEL

To explore the influence of rotation on QCD matter, we
consider a rigid cylinder rotating around the z-axis with
constant angular velocity ω. In this rotating frame of
reference, the rotation can be characterized in relation to

FIG. 1. The Polyakov-loop as a function of the temperature
scaled by T0 for different values of angular velocity ω. The
triangle dots correspond to lattice data with respect to different
imaginary angular velocity in Ref. [57], the hollow dots corre-
spond the analytical continuation to real angular velocity and the
solid lines correspond the fitting results with Eq. (2).

TABLE I. The parameters of the Polyakov-loop potential in
Eqs. (3) and (5) by fitting lattice data from Ref. [57].

i 0 2 4

ai 0.0454431 −1.27942 × 10−5 −5.43339 × 10−9

bi 46.8263 −0.0210165 −2.15394 × 10−5

ci 1.00298 1.55157 × 10−4 −5.99032 × 10−8

di 0.0600157 −5.74388 × 10−6 −8.24192

FIG. 2. The 3D plot of the Polyakov-loop as functions of the
angular velocity and the scaled temperature T=T0.
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an external gravitational field. The metric tensor can be
utilized to describe the structure of space-time reads,

gμν ¼

0
BBBB@

1 − v⃗2 −v1 −v2 −v3
−v1 −1 0 0

−v2 0 −1 0

−v3 0 0 −1

1
CCCCA; ð6Þ

where vi is the velocity and v ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v21 þ v22 þ v23

p
. In the

context of a system with an angular velocity ω along the
fixed z-axis, we have v⃗ ¼ ω⃗ × x⃗, thus v3 ¼ 0 in the metric
tensor.
The Lagrangian in the two-flavor NJL model under

rotation can be written as follows:

LNJL ¼
X
f

ψ̄f½iγ̄μð∂μþΓμÞ−mþ γ0μ�ψf þGðψ̄ψÞ2; ð7Þ

here, ψ is the quark field, γ̄μ ¼ eμaγa with eμa being the
tetrads for spinors and γa represents the gamma matrix, Γμ

is defined as Γμ ¼ 1
4
× 1

2
½γa; γb�Γabμ which is the spinor

connection, where Γabμ ¼ ηacðecσGσ
μνeνb − eνb∂μe

c
νÞ, and

Gσ
μν is the affine connection determined by gμν, m is the

bare quark mass matrix, μ denotes the chemical potential,
and G represents the coupling constants in the scalar
channel. Here we dropped the pseudoscalar channel
because pion condensation is zero, and only the chiral
condensate from the scalar channel contributes to the
thermodynamic potential and the constituent quark mass.
The NJL model lacks gluon degrees of freedom. To

effectively include the contribution from rotating gluody-
namics, we add the NJL model on the rotating gluonic
background given by Eq. (5). The Lagrangian of the PPNJL
model takes the following form:

LPPNJL ¼ LNJL þ ψ̄γμAμψ − UðΦ; Φ̄; T;ωÞ; ð8Þ

where we have included the coupling between the fermion
fields and the gauge fields, and the effective polarized
Polyakov-loop potential UðΦ; Φ̄; T;ωÞ, where the

Polyakov-loop is a function of temperature and angular
velocity given in Eq. (5), which effectively takes into
account the rotation effect on gluodynamics. In this sense,
the PPNJL model is different from the PNJL model.
By selecting eaμ ¼ δaμ þ δai δ

0
μvi and eμa ¼ δμa − δ0aδ

μ
i vi

(further details can be found in Refs. [78,79]), the
Lagrangian can be expanded to the first order of angular
velocity, yielding the following expression:

LPPNJL ¼ ψ̄ ½iγμDμ−mþ γ0μþðγ0Þ−1ððω⇀× x
⇀Þ

· ð−i∂⇀Þþω
⇀
· S
⇀

4×4Þ�ψ þGðψ̄ψÞ2−UðΦ; Φ̄;T;ωÞ;
ð9Þ

where the spin operator is given by S
⇀

4×4 ¼ 1
2
ðσ⇀
0
0

σ
⇀Þ. From

the equation above, it is evident that the free Dirac
Lagrangian is modified due to the presence of the gluon
field and rotation. The first term corresponds to the
coupling between the quark field and gluon field, while
the fourth term accounts for the orbital-rotation coupling
effect and the spin-rotation coupling effect. The last term
in the Lagrangian represents the effective Polyakov-loop
potential. Here the covariant derivative is defined as
Dμ ¼ ∂μ − iAμ, with Aμ ¼ δ0μA0, which determines the
coupling between the Polyakov-loop and quarks. The
Polyakov-loops Φ are obtained as follows:

Φ ¼ 1

Nc

�
tr

�
P exp

�
i
Z
0

β
dτA4ðx̄; τÞ

���
; ð10Þ

where β ¼ 1
T, P denotes path ordering, A4 ¼ iA0 is the

temporal component of the Euclidean gauge field ðĀ; A4Þ,
and Φ̄ ¼ Φ†. In this model, the quarks couple to a back-
ground (temporal) gauge field representing Polyakov-loop
dynamics, and the Polyakov-loop serves as an order
parameter for confinement. When performing the mean
field approximation and employing the technique of path
integral formulation for Grassmann variables theory, the
grand thermodynamic potential reads,

ΩPPNJL ¼ Ghq̄qi2 − 3

2π2
X∞
n¼−∞

Z
Λ

0

ptdpt

Z ffiffiffiffiffiffiffiffiffiffi
Λ2−p2

t

p

−
ffiffiffiffiffiffiffiffiffiffi
Λ2−p2

t

p dpzðJnþ1ðptrÞ2 þ JnðptrÞ2Þϵn

−
T
2π2

X∞
n¼−∞

Z
ptdptdpz

�
ðJnþ1ðptrÞ2 þ JnðptrÞ2Þ log

�
1þ 3Φ exp

�
−
ϵn − μ

T

�
þ 3Φ̄ exp

�
−2

ϵn − μ

T

�

þ exp

�
−3

ϵn − μ

T

���
−

T
2π2

X∞
n¼−∞

Z
ptdptdpz

�
ðJnþ1ðptrÞ2 þ JnðptrÞ2Þ log

�
1þ 3Φ̄ exp

�
−
ϵn þ μ

T

�

þ 3Φ exp

�
−2

ϵn þ μ

T

�
þ exp

�
−3

ϵn þ μ

T

���
þ UðΦ; Φ̄; T;ωÞ: ð11Þ
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Here, for simplicity, we have introduced the quark quasiparticle energy εn ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M2 þ p2

t þ p2
z

p
− ð1

2
þ nÞω with the

dynamic quark mass M ¼ m − 2Ghq̄qi. From the grand thermodynamic potential, the equations of motion for the mean
fields hq̄qi, Φ, and Φ̄ can be derived as

∂ΩPPNJL

∂hq̄qi ¼ 0;
∂ΩPPNJL

∂Φ
¼ 0;

∂ΩPPNJL

∂Φ̄
¼ 0: ð12Þ

These coupled equations are then solved as functions of temperature T, quark chemical potential μ, and angular velocity ω.
The detailed expressions for these stationary condition equations are provided below,

0 ¼ 2Ghq̄qi þ 3

2π2
X∞
n¼−∞

Z
Λ

0

ptdpt

Z ffiffiffiffiffiffiffiffiffiffi
Λ2−p2

t

p

−
ffiffiffiffiffiffiffiffiffiffi
Λ2−p2

t

p dpzðJnþ1ðptrÞ2 þ JnðptrÞ2Þ
 

2GMffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p2
t þ p2

z þM2
p

!

−
1

2π2
X∞
n¼−∞

Z
dptdpzptðJnþ1ðptrÞ2 þ JnðptrÞ2Þ

 
6GMffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

p2
t þ p2

z þM2
p

!

×

 
expð−3 ϵn−μ

T Þ þΦ expð− ϵn−μ
T Þ þ 2Φ̄ expð−2 ϵn−μ

T Þ
1þ expð−3 ϵn−μ

T Þ þ 3Φ expð− ϵn−μ
T Þ þ 3Φ̄ expð−2 ϵn−μ

T Þ þ
expð−3 εnþμ

T Þ þ 2Φexpð−2 εnþμ
T Þ þ Φ̄expð− εnþμ

T Þ
1þ expð−3 εnþμ

T Þ þ 3Φexpð−2 εnþμ
T Þ þ 3Φ̄expð− εnþμ

T Þ

!
;

ð13Þ

0 ¼ −
1

2π2
T
X∞
n¼−∞

Z
dptdpzptðJnþ1ðptrÞ2 þ JnðptrÞ2Þ

×

 
3expð− εn−μ

T Þ
1þ expð−3 ϵn−μ

T Þ þ 3Φ expð− ϵn−μ
T Þ þ 3Φ̄ expð−2 ϵn−μ

T Þ þ
3 expð−2 εnþμ

T Þ
1þ expð−3 εnþμ

T Þ þ 3Φexpð−2 εnþμ
T Þ þ 3Φ̄expð− εnþμ

T Þ

!

þ T4

�
−CfðT;ωÞ

�
T
T0

�
2

Φ̄ −Φ2 þ 2C−1f−1ðT;ωÞ
�
T
T0

�
−2
ΦΦ̄2

�
; ð14Þ

0 ¼ −
1

2π2
T
X∞
n¼−∞

Z
dptdpzptðJnþ1ðptrÞ2 þ JnðptrÞ2Þ

×

 
3 expð−2 εn−μ

T Þ
1þ expð−3 ϵn−μ

T Þ þ 3Φ expð− ϵn−μ
T Þ þ 3Φ̄ expð−2 ϵn−μ

T Þ þ
3 expð− εnþμ

T Þ
1þ expð−3 εnþμ

T Þ þ 3Φ expð−2 εnþμ
T Þ þ 3Φ̄ expð− εnþμ

T Þ

!

þ T4

 
−CfðT;ωÞT

2

T2
0

Φ − Φ̄2 þ 2C−1f−1ðT;ωÞΦ2Φ̄

!
: ð15Þ

IV. SPIN ALIGNMENT OF VECTOR MESON ρ

In the following section, we study on the spin alignment
of the vector meson ρ under rotation. We will briefly
discuss the phenomenon of vector meson spin alignment
under rotation. The spin states of vector mesons are
described by the 3 × 3 spin-density matrix ρij with
i; j ¼ 0;þ1;−1, labeling the spin state along a specific
spin quantization direction. Here, ρij has a trace of 1, and its
diagonal elements represent the probabilities of the spin
states. However, the spin polarization of vector mesons,
which is proportional to ρ11 − ρ−1−1, cannot be directly
measured, due to the parity-conserving of their strong
decay. Instead, the spin alignment ρ00 can be measured

through the angular distribution of its strong decay daugh-
ters, and any deviation from 1=3 for ρ00 could suggest some
degree of polarization of vector mesons [19,27,80–82].
Experimentally, the spin alignment of vector mesons can be
measured by the angular distribution of decay products in
the vector meson decaying to two spinless particles [83],

dN
d cos θ�

¼ 3

4
½1 − ρ00 þ ð3ρ00 − 1Þ cos2 θ��; ð16Þ

where θ� is the polar angle between the quantization axis
and the momentum direction of the decay particle.
Theoretically, in a simple recombination picture, the ρ
vector meson is produced by the simple coalescence of a
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quark and antiquark with polarizations Pq and Pq̄, respec-
tively. The meson spin alignment is given by [7]

ρ00 ¼
1 − PqPq̄

3þ PqPq̄
; ð17Þ

and when PqPq̄ is small, the spin alignment of ρ can be
approximated as

ρ00 ≈
1

3
−
4

9
PqPq̄; ð18Þ

where Pq is the spin polarization of quark, and we simply
take the following definition:

Pq ¼
Nþ

↑ − Nþ
↓

Nþ
↑ þ Nþ

↓

; ð19Þ

here,Nþ=−
↑=↓ denote the quark/antiquark number density with

spin up/down, respectively, which can be extracted by
taking the partial derivative of ΩPPNJL Eq. (11) with respect
to μ. The detailed expressions for Nþ

↑ ; N
þ
↓ ; N

−
↑ ; N

−
↓ are

listed as follows:

Nþ
↑ ¼ 1

2π2
X∞
n¼−∞

Z
dptdpzptJnðptrÞ2

3Φ expð− ϵn−μ
T Þ þ 6Φ̄ expð−2 ϵn−μ

T Þ þ 3 expð−3 ϵn−μ
T Þ

1þ 3Φ expð− ϵn−μ
T Þ þ 3Φ̄ expð−2 ϵn−μ

T Þ þ expð−3 ϵn−μ
T Þ ; ð20Þ

Nþ
↓ ¼ 1

2π2
X∞
n¼−∞

Z
dptdpzptJnþ1ðptrÞ2

3Φ expð− ϵn−μ
T Þ þ 6Φ̄ expð−2 ϵn−μ

T Þ þ 3 expð−3 ϵn−μ
T Þ

1þ 3Φ expð− ϵn−μ
T Þ þ 3Φ̄ expð−2 ϵn−μ

T Þ þ expð−3 ϵn−μ
T Þ ; ð21Þ

N−
↑ ¼ 1

2π2
X∞
n¼−∞

Z
dptdpzptJnðptrÞ2

−3Φ̄ expð− ϵnþμ
T Þ − 6Φ expð−2 ϵnþμ

T Þ − 3 expð−3 ϵnþμ
T Þ

1þ 3Φ̄ expð− ϵnþμ
T Þ þ 3Φ expð−2 ϵnþμ

T Þ þ expð−3 ϵnþμ
T Þ ; ð22Þ

N−
↓ ¼ 1

2π2
X∞
n¼−∞

Z
dptdpzptJnþ1ðptrÞ2

−3Φ̄ expð− ϵnþμ
T Þ − 6Φ expð−2 ϵnþμ

T Þ − 3 expð−3 ϵnþμ
T Þ

1þ 3Φ̄ expð− ϵnþμ
T Þ þ 3Φ expð−2 ϵnþμ

T Þ þ expð−3 ϵnþμ
T Þ : ð23Þ

Then, the spin alignment of ρ can be approximately
expressed as

ρ00 ¼
1

3
−
4

9

Nþ
↑ − Nþ

↓

Nþ
↑ þ Nþ

↓

N−
↑ − N−

↓

N−
↑ þ N−

↓

: ð24Þ

V. NUMERICAL RESULTS AND DISCUSSIONS

In this section, we present the numerical results obtained
from the PPNJL model under rotation. For the Fermionic
sector, we have selected the parameters m ¼ 0.005 GeV,
Λ ¼ 0.65 GeV, and G ¼ 4.93 GeV−2, as reported in
Ref. [84], to match physical observations. Additionally,
we denote the z-angular-momentum quantum number as
n ¼ 0;�1;�2;…. In principle, the sum over all values of n
is necessary; however, the rapid convergence of these
expressions allows us to limit the sum over n from −5
to 5. It is important to note that in the PPNJL model, the
value of T0 can be rescaled over a wide range, and here we
set T0 ¼ 0.22 GeV. The radius is set to r ¼ 0.1 GeV−1,
ensuring that ωr < 1 in all calculations.
Figures 3(a) and 3(b) depict the light quark effective

mass and Polyakov-loop as functions of temperature T at

quark chemical potential μ ¼ 0 GeV for different angular
velocities, respectively. The quark condensate is related to
the spontaneous breaking of chiral symmetry, and in the
two-flavor PPNJL model, there exists a simple relation-
ship between the condensate and the quark effective mass,
given by M ¼ m − 2Ghq̄qi. Meanwhile, the Polyakov-
loop is associated with confinement-deconfinement.
Within the temperature range considered, we observe that
at low temperatures, both the quark effective mass and the
Polyakov-loop exhibit weak dependence on temperature
for the different angular velocities selected. As the temper-
ature continues to increase and exceeds the transition
region, the light quark effective mass tends to approach its
current mass, and the value of Polyakov-loop tends to
approach 1. This indicates the restoration of chiral
symmetry and the gradual recovery of deconfinement at
high temperatures. Surprisingly, when considering the
influence of the gluonic rotational contribution, we
observe that the effective quark mass is enhanced by
the angular velocity in the chiral phase transition region,
while the Polyakov-loop is suppressed by the angular
velocity in the confinement-deconfinement phase transi-
tion region. It is worth mentioning that in the general NJL
model or in the PNJL model under rotation, where the
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gluonic rotational contribution is not taken into account,
rotation tends to suppress the quark condensate. In
contrast to the majority of effective model predictions,
when considering the polarization of the gluodynamics
induced by the rotation, our results in the PPNJL model
indicate an opposite behavior. In the transition region,

there is an increase in the chiral condensate and a decrease
in the Polyakov-loop with rotation. This suggests that
rotation acts as a catalyst for chiral symmetry breaking and
confinement. Next, we turn to the situation of nonzero
chemical potential, Fig. 3(c) shows the Polyakov-loop as a
function of temperature T at nonzero quark chemical
potential μ ¼ 0.01 GeV for different angular velocities,
ω ¼ 5, 15 MeV. When we introduce a nonzero chemical
potential, we observe that Φ and Φ̄ differ from each other
and for a fixed angular velocity Φ̄ > Φ.
The impact of the rotational contribution of gluons on

the phase transition is illustrated in Fig. 4, which shows
the scaled pseudocritical temperatures of the chiral phase
transition and deconfinement phase transition as a func-
tion of the angular velocity at zero chemical potential. The
figure considers the cases of Polyakov-loop potential with
and without explicit rotational dependence, denoted as
U ¼ UðΦ; Φ̄; T;ωÞ and U ¼ UðΦ; Φ̄; TÞ, respectively
(here the exact expression for UðΦ; Φ̄; TÞ is taken from
Ref. [69]). It is evident that with the explicit rotational
dependence, the pseudocritical temperatures of both the
chiral phase transition and confinement-deconfinement
phase transition increase with the angular velocity, which
is consistent with lattice QCD simulations results [58,59].
When considering the Polyakov-loop potential without
explicit rotational dependence, the dashed line and dotted
line almost overlap, to further illustrate the rotation
dependence of pseudo-critical temperatures in this case,
an enlarged sub-figure is included in Fig. 4. It can be
clearly seen from the sub-figure that the pseudocritical
temperatures of both chiral and deconfinement phase
transitions decrease with increasing angular velocity.
The chiral phase transition has been extensively studied
in the NJL model and holographic QCD models, and it has

FIG. 4. The scaled pseudocritical temperatures for chiral and
deconfinement phase transition, determined by the quark con-
densate and Polyakov-loop, as functions of the angular velocity at
zero chemical potential, and both the Polyakov-loop potential
obtained with and without explicit rotational dependence are
considered, which corresponding to the PPNJL and PNJL models
under rotation, respectively.

FIG. 3. (a) The light quark effective mass and (b) Polyakov-
loop as functions of temperature T at zero quark chemical
potential μ ¼ 0 GeV for different angular velocities, ω ¼ 5,
10, 15 MeV; (c) Polyakov-loop as a function of temperature T
at nonzero quark chemical potential μ ¼ 0.01 GeV for different
angular velocities, ω ¼ 5, 15 MeV.
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been observed that the critical temperature of chiral phase
transition decreases as the angular velocity increases.
However, when considering the contribution from the
polarized gluodynamics under rotation, it has the opposite
effect on the critical temperatures. The opposite effect
indicates that the rotating gluons has important effect on
rotating quarks, and it is necessary to take into account the
contribution of rotating gluons to fully understand the
characteristics of a rotating QCD medium.
Figure 5 depicts the influence of rotating gluons on the

spin alignment of the ρ meson as a function of temperature
T at quark chemical potentials μ ¼ 0.05 GeV and μ ¼
0.15 GeV for different angular velocities. Any deviation of
the spin alignment from 1=3 indicates the polarization of
the vector mesons along a particular direction. It is evident
that at high temperatures, the spin alignment approaches
1=3, while at low temperatures, rotation can significantly
enhance the deviation from 1=3. When comparing the
results corresponding to different quark chemical potentials
at a fixed angular velocity, a larger quark chemical potential
can lead to a larger deviation from 1=3. However, compared
to the contribution from the angular velocity (note that here,
the value of ω is in MeV, while μ is in GeV), the deviation
induced by the chemical potential is less obvious. Our
results indicate that in the two-flavor PPNJL model under
rotation, the rotating gluon may play a significant role in
the spin alignment of the ρ meson.
From [85], it has been summarized that the spin align-

ment of vector meson (for both ρ and ϕ) in the NJL model
at T ¼ 150 MeV has the relation of

ρ00ðωÞ ¼
1

3
− 5.10ω2 þ 39.62ω4; ð25Þ

and in the quark coalescence model [80] the spin alignment
of vector meson has the form of

ρ00ðωÞ ¼
1

3
−
1

9
ðβωÞ2; ð26Þ

with β ¼ 1=T. In Fig. 6 we show the spin alignment of ρ
meson as a function of ω in the PPNJL model, NJL model
and quark coalescence model. It is noticed that the spin
alignment of vector meson has the negative deviation of
ρ00 − 1=3 under rotation, in the case of considering the
effect of rotating gluons, the spin alignment of vector
meson is more significantly deviated from 1=3.

VI. CONCLUSIONS

In this work, in order to effectively take into account the
rotating gluon background, by using the extrapolation
method, we construct the polarized Polyakov-loop potential
induced by rotation based on the lattice results at finite
imaginary angular velocity, and add the two-flavor NJL
model on the rotating gluonic background. We explore the
QCD phase transitions and spin alignment of vector mesons
using this two-flavor polarized-Polyakov-loop Nambu–
Jona-Lasinio (PPNJL) model under rotation. It is found
that the critical temperatures for both chiral phase transition
and deconfinement phase transition increase with the
angular velocity, which is consistent with lattice results,
and opposite to results in the NJL/PNJL model and holo-
graphic QCD model. Our findings reveal that the quark
condensate and critical temperature of the phase transition
are sensitive to the effects of rotating gluons.
Furthermore, we calculate the pin alignment of vector ρ

meson, and find that the spin alignment of vector meson has
a negative deviation of ρ00 − 1=3 under rotation, and the
deviation in the PPNJL model is much more significant
than that in the NJL model and the quark coalescence
model, indicating the significant contribution from the
rotating gluons.
Our study suggests that the contribution of rotating

gluons is essential for correctly understanding the properties

FIG. 6. The ρ meson spin alignment as a function of angular
velocity ω at T ¼ 0.15 GeV and μ ¼ 0.0 GeV in the PPNJL
model and comparing with the NJL model and quark coalescence
model. The gray dashed line is ρ00 ¼ 1

3
.

FIG. 5. The ρ meson spin alignment as a function of temper-
ature T at μ ¼ 0.05 GeV, and μ ¼ 0.15 GeV for ω ¼ 5, 15 MeV,
respectively.
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of rotating QCD. The effect of rotating gluons is also
anticipated to make significant contributions to various
theoretical investigations. Recent studies in Refs. [63,86]
have demonstrated that in the NJL model, the influence of
rotating gluons can be effectively taken into account by the
running of the effective coupling, resulting in a modification
of the critical temperature behavior in the rotating system.
Alternative simulation method, e.g., Ref. [62] discussed the
reliability of the analytic continuation of the phase diagram
from imaginary rotation to real rotation. These investiga-
tions would help determine the Polyakov-loop potential and
unravel other related puzzles, thus greatly enhancing our
understanding of the properties of rotating QCD. We hope

that our study will stimulate further theoretical and lattice
QCD simulation studies in the future.
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