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Effects of tensor spin polarization (TSP) on the chiral restoration and deconfinement phase transitions
are studied in Polyakov loop extended Nambu–Jona-Lasinio (PNJL) model. For chiral phase transition, the
higher the polarized degree of quark-antiquark pairs under the strong magnetic field, the higher the phase
transition temperature. The TSP corrects the position of the critical end point. The small impact of TSP on
the phase transition temperature is found for the deconfinement phase transition. On the other hand, we
divide the phase space into three ranges based on the phase diagram obtained from the PNJL model: the
confinement phase with chiral symmetry broken, the deconfinement phase with restored chiral symmetry,
and the confinement phase with restored chiral symmetry (quarkyonic phase). It is found that TSP has only
a very small effect on the anisotropic pressure in the deconfined phase with chiral symmetry restored and
the quarkyonic phase, but it has a very strong effect on the anisotropic pressure in the confined phase with
chiral symmetry broken. This is because TSP is closely related to chiral symmetry. The restoration of chiral
symmetry means the dissociation of spin polarization condensate.
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I. INTRODUCTION

The properties of QCD mater under strong magnetic
field background have attracted widespread interest among
researchers [1–8]. In the early Universe, the magnetic field
may reach the order of 1022 G [9,10]. The surface magnetic
field of magnetars can reach 1014–1015 G, while its internal
magnetic field can reach 1018–1020 G [11,12]. And the
extremely high magnetic fields can be generated in non-
central heavy ion collision experiments. The magnetic field
created in Relativistic Heavy Ion Collider experiments can
reach

ffiffiffiffiffiffi
eB

p
∼ 0.1 GeV, while in the LHC, the magnetic

field intensity can reach
ffiffiffiffiffiffi
eB

p
∼ 0.5 GeV. Although the

magnetic field is an external field with a short lifetime (on
the order of 1 fm=c), and the existence of the quark-gluon
plasma (QGP) medium response effect is significant, it
greatly delays the decay of these time-dependent magnetic
fields [13–16]. Therefore, it seems reasonable to assume
the existence of a constant external magnetic field in many

cases. The addition of strong magnetic field will make the
phase diagram and phase structure of QCD more complex
and interesting, leading to the emergence of many new
phenomena, such as chiral magnetic effect [17–20], mag-
netic catalysis in vacuum (MC) [21–23], and inverse
magnetic catalysis [24–29] around chiral phase transitions.
The magnetic field also induces spin polarization,

which is the condensate of quark-antiquark pairs with
parallel spins. As shown in Ref. [30], the tensor-type
interaction ðψ̄Σ3ψÞ2 þ ðψ̄iγ5Σ3ψÞ2 induces spin polariza-
tion hψ̄iγ1γ2ψi which is analogous to the form of an
anomalous magnetic moment [30,31] of quarks developed
in the presence of a magnetic field. Note that the tensor
polarization operator hψ̄σ12ψi is also known as the tensor
spin polarization (TSP) operator or spin density, because
hψ̄σ12ψi ¼ hψ†γ0Σ3ψi and with Σ3 ¼ ðσ3

0
0
σ3Þ, σ3 ¼ −iσ1σ2.

By projecting the quark spinors ψ into the spin subspace
ψ ¼ ψ↑ þ ψ↓, one can obtain ψ̄σ12ψ ∼ hψ̄↑ψ↑i − hψ̄↓ψ↓i,
which measures the difference between spin-up quark
pairing and spin-down quark pairing [7,32].
The effects of TSP on the dynamic generation of quark

magnetic moments in nonequilibrium quark matter, the
magnetic properties of QCD matter, pion mass, and the
chiral phase transition in the (2þ 1)-flavor Nambu–Jona-
Lasinio (NJL) model have been investigated [7,31,32]. We
know that the NJL model can only discuss issues such as
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chiral symmetry breaking and restoration phase transition,
while the Polyakov loop extended Nambu–Jona-Lasinio
(PNJL) model can analyze both chiral and deconfinement
phase transition simultaneously.
In recent years, the anisotropy induced by magnetic

fields has also been widely studied [33,34]. The destruction
of rotational symmetry by magnetic fields leads to the
anisotropy of energy-momentum tensors (EMTs). If the
spatial elements of EMTs are interpreted as the pressure
generated by the response of the thermodynamic potential
of the system to compression in the corresponding direc-
tion, there exists a difference caused by the orientation of
the magnetic field in the local rest framework [35]. It has
been proven that the derivative of the partition function
obtained under constant magnetic flux corresponds to
spatial elements where the directional difference of
EMTs becomes apparent. Usually, these different elements
are referred to as longitudinal (Pk) and transverse (P⊥)
pressures [26]. These quantities will affect the equation of
state of strongly interacting substances.
Once the anisotropy of pressure under magnetic field

background is considered, many studies on the equation of
state of dense stars will yield new results [35–47]. Because
of the fact that both TSP and anisotropic pressure are
caused by magnetic fields, it is of great research signifi-
cance to focus on the influence of TSP on anisotropic
pressure. In addition, under the magnetic field background,
the original isotropic fermion vertices split into longitudinal
and transverse fermions in the new tensor channel [28]; it is
expected that this anisotropy will be reflected in pressure,
and TSP will promote the anisotropy of pressure.
The impacts of TSP on the chiral restoration phase

transition and deconfinement phase transition in the PNJL
model are investigated in the paper. Then, the impacts of
TSP on the anisotropic pressure under three different phase
ranges are studied. This paper is organized as follows. The
two-flavor PNJL model with tensor channel is introduced
in Sec. II. In Sec. III, we will study the distributions of TSP
under different backgrounds, the influences of TSP on
chiral restoration and deconfinement phase transition, and
the effect of TSP on the anisotropy of pressure under three
different phases. Finally, we make the summaries and
conclusions in Sec. IV.

II. THE TWO-FLAVOR PNJL MODEL WITH TSP

The destruction of rotational symmetry by uniform
magnetic field leads to the separation of longitudinal and
transverse-fermionmodes along the direction of themagnetic
field [28,30]. This separation leads to an effective splitting of
the coupling in the gluon exchange interaction on which the
NJL model is usually based. Therefore, this splitting can be
reflected in the four-fermion coupling of the QCD effective
field NJL model. By using Fierz identities [30,32,48] in a
magnetic field, we can obtain the Lagrangian of the scalar
and tensor interactions of the two-flavor PNJL model as

L ¼ ψ̄ðiγμDμ −m0 þ γ0μqÞψ þGs½ðψ̄ψÞ2 þ ðψ̄iγ5ψÞ2�
þ Gt½ðψ̄Σ3ψÞ2 þ ðψ̄iγ5Σ3ψÞ2� − UðΦ; Φ̄Þ; ð1Þ

where ψ ¼ ðu; dÞT is two-flavor quark field with
m̂ ¼ diagðmu;mdÞ. Because of the spin symmetry of light
quarks, the current quark mass is m0 ¼ mu ¼ md. Σ3 ¼
i
2
½γ1; γ2� ¼ iγ1γ2 is the spin operator. In addition, the

covariant derivative Dμ ¼ ∂
μ þ iq̂fAμ − iAμ couples

quarks to the two fields: (1) the magnetic field B ¼
∇ ×A and (2) the temporal gluon field Aμ ¼ δμ0A

0 with
A0 ¼ gA0

aλa=2 ¼ −iA4. The gauge coupling g is linked
with the SU(3) gauge field A0

a to define AμðxÞ, q̂f ¼
diagðqu; qdÞ ¼ diagð2

3
e;− 1

3
eÞ is the quark charge matrix

in flavor space, and λa are the Gell-Mann matrices in
color space. In the external electromagnetic field
Aμ ¼ ð0; 0; Bx1; 0Þ, a constant and homogenous magnetic
field of magnitude B points toward the x3 direction.
The second term in Eq. (1) is the traditional scalar

channel, which produces a dynamical quark mass. The
third term of Eq. (1) is the tensor channel, which preserves
chiral symmetry and rotational symmetry along the direc-
tion of the magnetic field. The tensor channel is closely
related to spin interactions and induces spin polarization. In
the magnetic field background, the running coupling
constant is divided into longitudinal (gk) and transverse
(g⊥) components [30]. The coupling coefficients Gs and Gt
of the NJL interaction related to quark-gluon vertex
coupling can be determined by Gs ¼ ðg2k þ g2⊥Þ=Λ2 and

Gt ¼ ðg2k − g2⊥Þ=Λ2. By setting Gt=Gs ¼ α, one can
obtain gk ¼ g⊥ðα ¼ 0Þ at zero magnetic field, and gk ≫
g⊥ðα → 1Þ as eB → ∞. In the following, we will choose
the cases of α ¼ 0, α ¼ 1=2, and α ¼ 1.
By using the mean-field approximation, one can obtain

the Lagrangian density as

LMF ¼ ψðiγμDμ −M þ γ0μq − iξγ1γ2Þψ −
σ2

4Gs
−

ξ2

4Gt

− UðΦ; Φ̄Þ; ð2Þ

where M ¼ m0 þ σ is the dynamical quark mass, and σ ¼
−2Gshψ̄ψi is the chiral condensate. As mentioned earlier,
tensor channels are closely related to spin-spin interactions.
Under the background of a magnetic field, quark-antiquark
pairs with opposite spin and opposite charge undergo
orderly arrangement, resulting in tensor spin polarization
condensate

ξ ¼ −2Gthψ̄Σ3ψi: ð3Þ

The fourth term of Eq. (1) is the Polyakov potential
UðΦ; Φ̄Þ associated with the deconfinement phase transi-
tion [49], where Φ is the order parameter describing the
deconfinement phase transition. When Φ → 0, the system
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is considered to be in the confinement phase, while when
Φ → 1, the system is considered to be in the deconfinement
phase. The Polyakov potential UðΦ; Φ̄Þ is given as

UðΦ; Φ̄Þ
T4

¼ −
1

2
AðTÞΦ̄Φþ BðTÞ lnf1 − 6Φ̄Φ

þ 4ðΦ̄3 þΦ3Þ − 3ðΦ̄ΦÞ2g; ð4Þ

where the Polyakov potential UðΦ; Φ̄Þ is related to the Z(3)
center symmetry. By simulating the deconfinement at finite
temperature, one can obtain [50] the coefficients as

AðTÞ ¼ a0 þ a1

�
T0

T

�
þ a2

�
T0

T

�
2

; ð5Þ

BðTÞ ¼ b3

�
T0

T

�
3

: ð6Þ

The different parameters [50] of Eqs. (5) and (6) are given
in Table I.
The effective potential at finite temperature and chemical

potential obtained by the standardized process is

Ω ¼ σ2

4Gs
þ ξ2

4Gt
þ UðΦ; Φ̄Þ − 3

X
n;f;s

jqfBj
2π

Z
∞

−∞

dpz

2π
ϵn;f;s

− T
X
n;f;s

jqfBj
2π

Z
∞

−∞

dpz

2π
½T lnð1þ g−Þ þ T lnð1þ gþÞ�;

ð7Þ

where

g−ðΦ; Φ̄Þ ¼ 1þ 3

 
Φþ Φ̄ exp

 
−Eð−Þ

n;f;s

T

!!
exp

 
−Eð−Þ

n;f;s

T

!

þ exp

 
−3Eð−Þ

n;f;s

T

!
; ð8Þ

gþðΦ; Φ̄Þ ¼ 1þ 3

 
Φ̄þΦ exp

 
−EðþÞ

n;f;s

T

!!
exp

 
−EðþÞ

n;f;s

T

!

þ exp

 
−3EðþÞ

n;f;s

T

!
; ð9Þ

where Eð�Þ
n;f;s ¼ ϵn;f;s � μq, and the dispersion relation of

quarks with TSP [31,32] is given by

ϵ2n;f;s ¼
8<
:p2

z þ
� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

M2 þ 2njqfjB
q

− sξ
�
2
; n ≥ 1;

p2
z þ ðM þ ξÞ2; n ¼ 0;

ð10Þ

where the summation of n is taken over all Landau levels.
f ¼ u, d corresponds to flavor quantum number, and the
s ¼ �1 correspond to the different spin projections. Note
that since the fermion in the lowest Landau level has only
one spin projection, no splitting is present in the n ¼ 0
case. But for the excited Landau levels n ≥ 1, the spectrum
of the quasiquarks exhibits a Zeeman splitting (s ¼ �1)
due to the tensor spin condensation ξ. One can obtain the
gap equations as

∂Ω
∂M

¼ ∂Ω
∂ξ

¼ ∂Ω
∂Φ

¼ ∂Ω
∂Φ̄

¼ 0: ð11Þ

In order to ensure that the thermodynamic potential in
vacuum is zero, we define the normalized thermodynamic
potential as the effective potential [7]

ΩeffðT; μ; eBÞ ¼ ΩðT; μ; eBÞ −Ωð0; 0; eBÞ: ð12Þ

The expressions [33] of transverse pressure and longi-
tudinal pressure are

PkðT; μ; eBÞ ¼ −ΩeffðT; μ; eBÞ; ð13Þ

P⊥ðT; μ; eBÞ ¼ PkðT; μ; eBÞ −MeB; ð14Þ

where the magnetization M ¼ − ∂Ωeff
∂ðeBÞ.

It can be found that the energy integral term in the
thermodynamic potential equation (7) is ultraviolet diver-
gent. The renormalization scheme cannot be used to
eliminate the divergence because of the dotlike interaction
between quarks. Therefore, it is necessary to use the
appropriate regularization scheme to eliminate UV diver-
gence. We use the Pauli-Villars (PV) regularization scheme
with gauge covariance to eliminate the divergence in this
paper. The key of the PV regularization scheme is to replace
integration with summation after introducing the normal-
ized energy. The normalized energy is given [51] as

ϵ2n;f;s;iðPVÞ ¼
8<
:P2

zþ
� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

M2þ2njqfjBþaiΛ2
q

−sξ
�
2
; n≥1;

P2
zþð

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M2þaiΛ2

p
þξÞ2; n¼0;

ð15Þ

X
n;f;s

Z
∞

−∞

dpz

2π
ϵn;f;s →

X
n;f;s

Z
∞

−∞

dpz

2π

XN
i¼0

ciϵn;f;s;iðPVÞ; ð16Þ

where the parameters of the PV regularization scheme are
given as N ¼ 3, ai ¼ f0; 1; 2; 3g and ci ¼ f1;−3; 3;−1g,

TABLE I. Parameters set for Polyakov potential.

a0 a1 a2 b3 T0 (MeV)

3.51 −2.47 15.2 −1.75 270
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and it satisfies the formula
P

N
i¼0 ciðM2 þ aiΛ2ÞL ¼ 0 for

L ¼ 0; 1;…; N − 1 [29]. By fitting the vacuum values such
as the pion-decay constant fπ ¼ 93 MeV and chiral con-
densation hψ̄ψi ¼ ð−250 MeVÞ3, one can obtain [51] the
relevant parameters such as Gs ¼ 3.44 GeV−2,
Λ ¼ 1127 MeV, and m0 ¼ 5 MeV at Gt ¼ 0.

III. NUMERICAL RESULTS

A. Tensor spin polarization and chiral condensation

First, we will investigate the effects of TSP on the chiral
and deconfinement phase transitions. The temperature
dependence of order parameters M and Φ under different
magnetic fields and chemical potentials are shown in Fig. 1.
As mentioned earlier, when Gt is zero, TSP contribution is
zero, but when Gt ¼ 0.5 Gs is not zero, TSP contribution is
not zero. The temperature dependences of chiral order
parameters M in the case of eB ¼ 0.20 and eB ¼
0.40 GeV2 are manifested in Figs. 1(a) and 1(b). The
chiral symmetry is broken with M ≠ 0 at low temperature,
and the chiral symmetry is restored with M → 0 at high
temperature. It is found that the chiral phase transition
temperature increases by considering the influence of TSP.
The main reason is that TSP will provide a nonzero
magnetic moment for the quasiparticle when the quark

obtains the dynamical mass. The magnetic moment pro-
duced by the spin polarization under the action of the
magnetic field will increase the dynamical mass of the
quasiparticle, which induces the MC effect. This MC
characteristic is more significant in the high-temperature
region.
Comparing Figs. 1(a) and 1(b), we find that the increase of

the phase transition temperature is more significant under
higher magnetic fields (eB ¼ 0.40 GeV2), which also
means that the spin polarization effect is more significant
under higher magnetic fields. The deconfinement phase
transitions at μ ¼ 0 and μ ¼ 0.20 GeV are shown in
Figs. 1(c) and 1(d), respectively. It is found that the impact
of TSP increases with the magnetic field, but slightly
enhances the deconfinement phase transition temperature.
In the T-eB plane of Fig. 2, the corresponding temper-

ature range is 0.01 ≤ T ≤ 0.25 GeV, and the magnetic
field range is within 0.01 ≤ eB ≤ 0.40 GeV2. Figures 2(a)
and 2(b) display the contour plots of the spin polari-
zation condensation ξ ¼ −2Gthψ̄Σ3ψi with μ ¼ 0 and
μ ¼ 0.20 GeV, respectively.
The spin polarization condensate ξ decreases with

the increase of temperature in the T-eB plane shown in
Figs. 2(a) and 2(b). This shows that the thermal background
is not conducive to the formation of quark-antiquark

(a) (b)

(c) (d)

FIG. 1. The dynamical quarkmassM and Polyakov loopΦ as functions of temperatureT with different external magnetic field (eB ¼ 0.20
andeB ¼ 0.40 GeV2) anddifferent setof spin-spin interactioncouplingconstants (Gt ¼ 0Gs andGt ¼ 0.5Gs forμ ¼ 0 andμ ¼ 0.20 GeV).
Figures 1(a) and 1(b) are for the dynamical quark mass M as functions of temperature T for eB ¼ 0.20GeV2 and eB ¼ 0.40 GeV2,
respectively, while Figs. 1(c) and 1(d) are the same as Figs. 1(a) and 1(b), but for Polyakov loop Φ as functions of temperature T.

YAN-RU BAO and SHENG-QIN FENG PHYS. REV. D 109, 096033 (2024)

096033-4



pairs, which leads to the inhibition of TSP production.
Figures 2(a) and 2(b) show that ξ increases with the
magnetic field under different chemical potentials. This
is because the charged quark-antiquark pairs are easier to be
polarized under strong magnetic field.
Figures 3(a) and 3(b) show the distribution plots of spin

polarization condensate ξ and dynamical quark mass M
with eB ¼ 0.20 GeV2 in the T-μ plane. It is worth noting
that due to the close relationship between spin polarization
condensate ξ (also called dynamical quark moment) and
dynamical quark mass M [30,31], the T-μ distribution
diagrams of M and ξ are very similar. The distribution of ξ
shows a continuous change at low chemical potentials and a
sharp drop at high chemical potentials, which is consistent
with the behavior of the order parameter M during chiral
phase transition. Once quarks obtain a dynamical mass,
they should also obtain a tensor spin polarization. This
effect has also been reported in massless QED and in a one-
flavor NJL model [30,52–54]. From the view of symmetry,
once the chiral symmetry is dynamically broken, there is no
symmetry protecting the TSP, because a nonvanishing
value of the latter breaks exactly the same symmetry.

B. Phase diagram

The T-μ phase diagram of chiral and deconfinement phase
transition with and without TSP (Gt ¼ 0 Gs and Gt ¼ 0.5
Gs) under different magnetic fields are manifested in Fig. 4.
It is found that the crossover occurs at high temperature and
small chemical potentials μ, while the first-order phase
transition happens at low temperatures T and large chemical
potential μ. The influences of TSP on the phase diagrams of
the deconfinement phase transition and chiral phase tran-
sition can be summarized as follows: (1) In general, con-
sidering TSP, it has little effect on the deconfinement
phase diagram, no matter whether it is a large magnetic
field (eB ¼ 0.40 GeV2) or a small magnetic field (eB ¼
0.20 GeV2). (2) TSP has great influence on the chiral
phase diagram. In our chiral phase diagram, there are the
crossover phase transition region and the first-order phase
transition region. Considering the contribution of TSP, the
influence on the first-order phase transition is larger and the
influence on the crossover phase transition is smaller.
However, with the increasing ofmagnetic field, the influence
of TSP on the phase diagram will increase. When the
magnetic field rises from 0.2 to 0.4 GeV2, the line of the

(a) (b)

FIG. 3. Contour plots of the distribution of (a) spin polarization condensate ξ and (b) dynamical mass M for eB ¼ 0.20 GeV2 in the
T-μ plane.

(a) (b)

FIG. 2. Contour plots of the distribution of spin polarization condensate ξ for (a) μ ¼ 0 and (b) μ ¼ 0.20 GeV in the T-eB plane.
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first-order phase transition line becomes longer as the
magnetic fields become stronger. The results are consistent
with those of Ref. [55].
It isworth noting that the confinement-deconfinement (CD)

phase transition line we obtained varies very flatly with
chemical potential, which is due to the color potential in
Eq. (4) obtained from a pure gluon background that is inde-
pendent of the chemical potential of quarks. In other words, if
the backreaction of quarks on the gluons can be taken into
account, the results of CD phase transition may be closer to
reality.
In addition, according to the specific location of the

critical end point (CEP) in Fig. 4, we list the location of the
CEP in different cases in Table II. Compared with the case
without TSP, we find that the introduction of TSP makes
the position of the CEP move slightly. The temperature and
chemical potential of the CEP are increased.

C. Anisotropic pressure

The phase diagrams of chiral phase transition and
deconfinement phase transition using the PNJL model
are shown in Fig. 4. According to this phase diagram,
the phase space can be divided into three ranges: (1) the
confinement phase with chiral symmetry broken, (2) the
deconfinement phase with chiral symmetry restoration, and
(3) the confinement phase with chiral symmetry restoration
(also known as the quarkyonic phase). Next, we study the
dependences of the normalized pressures Pk and P⊥ on the
magnetic field after the introduction of TSP in these three
ranges, where Pk is the pressure parallel to the magnetic
field direction, and P⊥ is the pressure perpendicular to the
magnetic field direction.

1. Anisotropic pressure in the confinement phase
with chiral symmetry broken

By considering the influence of TSP, we study the
dependence of the transverse pressure and longitudinal
pressure on the magnetic field in the confinement phase
with chiral symmetry broken in Fig. 5. Figure 5(a)
corresponds to T ¼ 0.15 and μ ¼ 0 GeV. The results show
that at small magnetic field eB ¼ 0.01 GeV2, the trans-
verse pressure and longitudinal pressure coincide. When
Gt ¼ 0, the spin polarization effect is not considered, Pk
and P⊥ almost do not change with the increase of the
magnetic field, and Pk and P⊥ are almost the same without
splitting. When considering TSP (Gt ¼ 0.5 Gs and
Gt ¼ Gs), the longitudinal pressure Pk increases not only
with the increase of magnetic field, but also with the
increase of Gt; while the transverse pressure P⊥ decreases
not only with the increase of magnetic field, but also with
the increase of Gt. That is to say, the splitting of Pk and P⊥
not only increases with the increase of magnetic field, but
also increases with the increase of Gt.
Figure 5(b) corresponds to T ¼ 0.15 and μ ¼ 0.10 GeV,

which is generally similar to that of Fig. 5(a). One finds that
when eB ¼ 0.01 GeV2, the values of Pk and P⊥ with μ ¼
0.10 GeV are larger than that of μ ¼ 0 GeV, which is the
natural result of more quark degrees of freedom [56]. On
the other hands, it is surprising to find that, when consid-
ering TSP, the transverse pressure P⊥ produces great
oscillation with the increase of magnetic field.
Note that, in the confinement phase with chiral symmetry

broken, the influence of TSP on the longitudinal and trans-
verse pressure is very significant. In conclusion, considering

(a)

(b)

FIG. 4. T-μ phase diagram for chiral and deconfinement
phase transition at different magnetic fields (a) eB ¼ 0.20 and
(b) eB ¼ 0.40 GeV2 for different spin polarization coupling
constants Gt ¼ 0 Gs and Gt ¼ 0.5 Gs. The solid lines correspond
to chiral first-order phase transition, the dash-dotted lines
correspond to chiral crossover phase transition, the full dots
correspond to CEP, and the dotted lines correspond to deconfine-
ment crossover phase transition.

TABLE II. CEP position under different magnetic fields and
spin polarization coupling constant Gt.

eB ¼ 0.20 GeV2 eB ¼ 0.40 GeV2

Gt ¼ 0 Gs fTE; μEg ¼ f0.087; 0.222g fTE; μEg ¼ f0.148; 0.225g
Gt ¼ 0.5 Gs fTE; μEg ¼ f0.102; 0.227g fTE; μEg ¼ f0.154; 0.233g
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the contribution of TSP increases the anisotropic character-
istics of pressure in the magnetic field background.
The anisotropy of pressure originates from the polari-

zation of quark matter. In our results, increasing the
magnetic field strength and the strength of spin-spin
interaction will enhance the anisotropy of pressure. This
is because, on the one hand, the magnetic field naturally
leads to the polarization of quark matter along the direction
of the magnetic field. On the other hand, when Gt ≠ 0, a
new tensor spin polarization condensate appears, which is
polarized along the direction of the magnetic field. The
magnitude of Gt represents the strength of spin-spin
interaction, and as Gt increases, TSP increases. In addition,
as shown in Fig. 2, increasing the magnetic field also leads
to an increase in TSP, resulting in stronger anisotropy. In
general, both the magnetic field and Gt enhance the
anisotropy of pressure by enhancing the polarization of
quark matter. This means that increasing Gt is nearly
equivalent to that of the magnetic field.
From Figs. 5(a) and 5(b), we can notice that, as the

magnetic field increases,P⊥ decreases continuouslywith the
magnetic field andbecomes negative at largemagnetic fields.

This is because the transverse pressure for the interacting
case is given in Eq. (14) as P⊥ðT; μ; eBÞ ¼ PkðT; μ; eBÞ−
MeB, where there is a competition [57] between Pk and
MeB. Since the magnetization M increases steadily with
the magnetic field, the transverse pressure tends to decrease
and goes to negative values for T ¼ 0.15 GeV at a large
value of the magnetic field. Comparing Fig. 5 with Figs. 6
and 7, we find the negative pressure occurs only at low
temperature and large magnetic fields, which indicates a
paramagnetic squeezing effect [58]. It will lead to the system
shrinking in the transverse direction and the density increas-
ing in the radial direction.

2. Anisotropic pressure in the deconfinement phase
with chiral symmetry restored

By considering the influence of TSP, we study the
dependence of the transverse pressure P⊥ and longitudinal
pressure Pk on the magnetic field in the deconfinement
phase with chiral symmetry restored shown in Fig. 6. It is
found that the longitudinal pressure Pk increases with the
increase of the magnetic field, and transverse pressures P⊥

(a) (b)

FIG. 5. Normalized longitudinal (Pk) and transverse (P⊥) pressure as a function of eB or the confinement phase with chiral symmetry
broken for different spin polarization coupling constant Gt with different chemical potential (a) μ ¼ 0 and (b) μ ¼ 0.2 GeV,
respectively.

(a) (b)

FIG. 6. Normalized longitudinal (Pk) and transverse (P⊥) pressure as a function of eB at deconfinement phase with restored chiral
symmetry for different chemical potential (a) μ ¼ 0 and (b) μ ¼ 0.2 GeV, respectively.
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decrease with magnetic field. An obvious difference
from the confinement phase with chiral symmetry broken
is that the effect of TSP on anisotropic pressure is very
small, and the effect of TSP can be almost ignored. With
the restoration of chiral symmetry at high temperature
T ¼ 0.25 GeV, the effect of TSP tends to zero.

3. Anisotropic pressure in the quarkyonic phase

Figure 7 shows the dependences of longitudinal and
transverse pressure on magnetic field in the quarkyonic
phase. The quarkyonic phase is a new phase of QCD, in
which the chiral symmetry has been restored, but it is
still in the confinement phase [33,59–65]. When T ¼
0.15 and μ ¼ 0.35 GeV, the dynamic quark mass is
close to the current quark mass and Φ < 0.2, which
corresponds to the confinement phase with restored
chiral symmetry, meaning that the system is at quar-
kyonic phase. In this region, the effect of spin polari-
zation condensate on the longitudinal and transverse
pressures is very slight, similar to the deconfinement
phase with restored chiral symmetry.
The results show that TSP has only a very small effect on

the anisotropic pressure in the deconfined phase and the
quarkyonic phase with chiral symmetry restored, but it has
a very strong effect on the anisotropic pressure in the
confined phase with chiral symmetry broken. This is
because of the different performance of TSP under different
chiral symmetry as we discussed in Fig. 3. The restoration
of chiral symmetry means the dissociation of spin polari-
zation condensate. Therefore, attention should be paid to
the role of TSP in chiral symmetry breaking. TSP is closely
related to the polarization caused by the magnetic field, and
the pressure is also affected by the magnetic field. The
pressures are slitted into the direction along the magnetic
field and perpendicular to the magnetic field, which is a
sign of anisotropy. Therefore, when considering the

anisotropy of pressure in the chiral symmetry breaking
phase, TSP will promote anisotropy.

IV. SUMMARY AND CONCLUSIONS

The generation mechanism of TSP is that quark and
antiquark are polarized in the magnetic field background
due to the opposite charge and spin, inducing a magnetic
moment along the direction of the magnetic field. This new
condensation formed by spin polarization interaction is
called the spin polarization condensate.
The introduction of TSP leads to an increase in the

dynamical quark mass at the lowest Landau level in the
magnetic field background, leading to an increase in
the phase transition temperature. That is to say, for chiral
phase transitions, the degree of polarization of quark-
antiquark pairs increases with the magnetic field, resulting
in an increase in the chiral phase transition temperature.
The TSP will correct the position of the CEP. For the
deconfinement phase transition, the effect of TSP on the
phase transition temperature is very small, and it almost
disappears at a large chemical potential.
Because the quark-antiquark pair produces magnetic

moments along the direction of the magnetic field, the
polarization of the quark-antiquark pair increases with the
increase of the magnetic field, resulting in a larger TSP. In
the high-temperature QGP background, the pairing of
quark and antiquark is blocked, and TSP decreases with
the increase of temperature and chemical potential. In
addition, since the generation of TSP and chiral condensa-
tion depends on the pairing of quark and antiquark, the
distribution of TSP is closely related to the chiral phase
diagram. Under the same background, the phase transition
temperature of TSP is basically the same as the chiral phase
transition temperature.
Due to the disappearance of TSP in the chiral symmetry

restored phase, but having a large value when the chiral
symmetry is broken, we should pay attention to the signifi-
cant influence of TSP on the pressure anisotropy in the
confinedphasewhere the chiral symmetry is broken.TSPcan
significantly increase the degree of pressure anisotropy in the
confined phase.
In this article, we use the PNJL model to discuss the

effects of TSP on chiral phase transitions and CD phase
transitions with strong magnetic fields. We note that some
models [66–68] discuss the role of chiral chemical
potential μ5 on phase structures, which is an important
research direction. We expect to further discuss the
characteristics of chiral chemical potential, chiral charge,
current, and its susceptibility related to chiral magnetic
effects in the future.

ACKNOWLEDGMENTS

This work was supported by the National Natural
Science Foundation of China (Grants No. 11875178,
No. 11475068, No. 11747115).

FIG. 7. Normalized longitudinal (Pk) and transverse (P⊥)
pressure as a function of eB at quarkyonic phase.
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