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Local and global polarization of � hyperons across RHIC-BES energies:
The roles of spin hall effect, initial condition, and baryon diffusion
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We perform a systematic study on the local and global spin polarization of � and � hyperons in relativistic
heavy-ion collisions at beam energy scan energies via the (3+1)-dimensional CLVisc hydrodynamics model
with a multiphase transport (AMPT) and simulating many accelerated strongly interacting hadron (SMASH)
initial conditions. Following the quantum kinetic theory, we decompose the polarization vector as the parts
induced by thermal vorticity, shear tensor and the spin Hall effect (SHE). We find that the polarization induced
by the SHE and the total polarization strongly depends on the initial conditions. At 7.7 GeV, the SHE gives
a sizable contribution and even flips the sign of the local polarization along the beam direction for the AMPT
initial condition, which is not observed for the SMASH initial condition. Meanwhile, the local polarization along
the out-of-plane direction induced by the SHE with the AMPT initial condition does not always increase with
decreasing collision energies. Next, we find that the polarization along the beam direction is sensitive to the
baryon diffusion coefficient, but the local polarization along the out-of-plane direction is not. Our results for the
global polarization of � and � agree well with the data of the STAR Collaboration. Interestingly, the global
polarization of � is not always larger than that of � due to various competing effects. Our findings are helpful
for understanding the polarization phenomenon and the detailed structure of quark-gluon plasma in relativistic
heavy-ion collisions.
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I. INTRODUCTION

The most vortical fluid in nature, whose averaged angular
velocity is as large as ω ≈ 1022 s−1, has been discovered by
the STAR Collaboration at the Relativistic Heavy-Ion Col-
lider (RHIC) [1,2]. Such a large vorticity originates from the
huge initial orbital angular momentum carried by quark gluon
plasma (QGP) in noncentral heavy-ion collisions. Due to the
spin-orbit coupling, the rapidly rotational fluid can induce
the spin polarization of the emitted hadrons, perpendicular
to the reaction plane [3–5]. In addition, noncentral heavy-ion
collisions can create an anisotropic QGP fireball with non-
Bjorken expansion at the initial stage in heavy-ion collisions.
The inhomogeneous expansion of the anisotropic QGP fireball
can lead to a periodic azimuthal angle dependence of the
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local spin polarization along both transverse and longitudinal
directions [6–9]. Compared to anisotropic collective flows, the
global or local spin polarizations involve more details of the
QGP, such as the gradients of chemical potential, temperature
and flow velocity, therefore, provide a novel probe to the
detailed structure and transport properties of QGP produced
in high-energy nuclear collisions.

The spin polarization phenomena in the relativistic heavy-
ion collisions have been extensively studied in many aspects.
The vorticities generated after the collisions are studied by
various hydrodynamic models [10–15] and transport models
[16–19]. Also viscous hydrodynamics models [14,20–38] and
transport models [7,18,19,39] have been very successful to
reproduce the increasing global polarization of � and �̄ with
decreasing collision energies

√
sNN for over a wide range of

collision energies (7.7–200 GeV) via performing the modified
Cooper-Frye formula [40,41] (also see the other early pioneer
work for the relativistic spinning particles by quantum statis-
tical models [27,40,42,43]).

Recently, the experimental data at low collision energies
[2,44] can be partially described by hydrodynamical models
[45,46] and transport models [47,48]. Although several phe-
nomenological models with external assumptions [24,26,49–
51] can describe the experimental data qualitatively, most
hydrodynamics simulations, transport models and feed-down
effects [6,7,25,52–54] failed to describe the azimuthal angle
dependence of the local spin polarization. In particular, an
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opposite “sign” is obtained from hydrodynamics and transport
model calculations as compared to the experimental data.
More discussions and details can be found in recent reviews
[55–61].

One reason to explain this mismatch is that the theoret-
ical calculation and the numerical simulation only consider
the thermal vorticity under the global equilibrium condition.
Recent studies [62–64] have shown that beyond global equi-
librium, the polarization induced by the shear tensor (SIP)
is helpful to solve the sign problem for the local spin polar-
ization (see also the early derivation of such effects for the
massless fermions [65] and Refs. [66,67] for related studies).
The numerical simulations with the help of the SIP for the
s quarks [24] or in the isothermal approximation [51] result
in quantitative agreement with experimental data by tuning
appropriate parameters. Soon, several studies from different
groups find that the results are very sensitive to the equation of
state and the temperature gradient in hydrodynamical simu-
lations [21,67,68]. Meanwhile, these off-equilibrium effects
have also been extended to the helicity polarization [22],
which may also be helpful for detecting the initial axial chem-
ical potential [69,70].

In general, there are two possible ways to add the spin
degrees of freedom to the system. One macroscopic way is
the relativistic spin hydrodynamics [56,71–89]. Although the
analytic solutions for spin hydrodynamics in the simplified
Bjorken [90] and Gubser flows [91] have been found, it is
still challenging to numerically solve the spin hydrodynamics
equations for relativistic heavy-ion collisions. The micro-
scopic description for the massive fermions is the quantum
kinetic theory (QKT) [92–103], which is an extension of
the chiral kinetic theory [104–112]. It manifests the extra
correction terms to the spin polarization besides the thermal
vorticity. Recently, there are many studies on the interac-
tion effects, e.g., the generic form of collision terms based
on the Kadanoff-Baym equation [96,99,112], the discussion
on the nonlocal collisions [94,98,113], the simplified collision
term based on the hard-thermal-loop approximation [114] and
other related studies [49,78,115–122]. More references and
related works can be found in the recent reviews for the QKT
[59,61,123].

Very recently, the polarization induced by the gradient of
baryon chemical potential over temperature, also called the
spin Hall effect (SHE) in some works, has drawn a lot of
attention. This effect has been studied in the early works
for the massless fermions [65,105,124] and been extended
to the massive fermions [21,23]. In recent papers [23], it is
found that the polarization induced by the SHE has a positive
and significant contribution to the local polarization in the
baryon-rich region at lower collisions. The global polarization
in the presence of the SHE has been studied in Refs. [15,20].
So far, several aspects of polarization induced by the SHE is
still missing, e.g., the dependence of initial conditions and the
effects of baryon diffusion.

In this paper, we perform a systematic study on the local
and global spin polarization of � and � hyperons in Au
+ Au collisions across BES energies. To provide a compre-
hensive understanding of the polarization, in this paper we
concentrate on the studies of the polarization induced by the

SHE and the dependence of initial conditions and baryon
diffusion. We utilize the (3+1)-dimensional CLVisc hydrody-
namics framework [125–127] with the a multiphase transport
(AMPT) initial model [128–131] and the simulating many
accelerated strongly interacting hadron (SMASH) initial con-
dition [132–138] to simulate the dynamical evolution of the
QGP fireball. The SMASH initial condition, which includes
the thickness effects of the nucleus, may provide extra useful
information of the QGP fireball in the low-energy region.

We will first show the local polarization along both beam
and out-of-plane directions induced by different sources as a
function of azimuthal angle. Next, we present the results for
the total local polarization of both � and �. We analyze the
contributions from the SHE and discuss the dependence on
initial conditions. Then, we focus on the effects of baryon
diffusion. Since the gradient of baryon chemical potential, or
the SHE, is directly related to the baryon diffusion, we expect
to observe the strong dependence on baryon diffusion. At last,
we also plot the results for the global polarization of both �

and � hyperons across the BES energies.
The paper is organized as follows. In Sec. II, we first

present the setup of (3+1)-dimensional viscous hydrody-
namics model CLVisc with the AMPT and SMASH initial
conditions. Then we briefly introduce the formula for the spin
vector for different sources. In Sec. III, we show our numerical
results for local and global polarizations and study the depen-
dence of initial conditions and baryon diffusion. Section IV
contains our summary and outlook.

II. (3+1)-DIMENSIONAL HYDRODYNAMICS CLVISC
FRAMEWORK AT FINITE NET BARYON DENSITY

In this section, we introduce the theoretical framework and
setup for the numerical simulations. In Sec. II A, we introduce
two different initial conditions. Next, we present the relativis-
tic (3+1)D CLVisc hydrodynamics framework and the values
of parameters in Sec. II B. We then review the particulariza-
tion method used in the current studies in Sec. II C. At last,
we show the general expressions for the polarization vector in
Sec. II D.

A. Initial condition

The AMPT model has been widely used as the initial con-
dition for hydrodynamical evolution in heavy-ion collisions at
the Large Hadron Collider energies and the top RHIC energies
[14,128–131,139,140]. In the AMPT model, the initial patrons
are first produced via hard semihard scattering and excited
strings in the HIJING model [141,142]. Then the space-time
evolution of the patrons are described via elastic scattering
within Zhang’s parton cascade model [143] until they reach
the iso-τ0 hypersurface.

Alternatively, the SMASH model, as a novel and mod-
ern hadronic transport approach, is developed to describe
the nonequilibrium microscopic motions of hadrons at low-
energy heavy-ion collisions [132–138]. It solves the relativis-
tic Boltzmann equation effectively,

pμ∂μ f + mFμ∂pμ
( f ) = C[ f ], (1)
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where f (t, x, p) denotes one-particle distribution function, pμ

indicates the four-momentum of a particle, m is the mass
of particles, and Fμ is the effective force induced by exter-
nal mean-field potentials. The collision kernel C[ f ] includes
elastic collisions, resonance formation and decays, string frag-
mentation for all mesons and baryons up to mass ≈ 2.35 GeV.
As for the resonances, the Breit-Wigner spectral functions
with mass-dependent widths are utilized. The SMASH model
also takes into account high-energy hadronic interactions ac-
cording to the string model in PYTHIA 8 [144,145].

After initializing hadrons via Woods-Saxon distribution
and Fermi motion, the SMASH model describes the transport
evolution of hadrons via scattering and interactions until they
approach the hypersurface at iso-τ0 proper time and finally
outputs hadrons for hydrodynamics evolution. In the current
paper, we implement the SMASH-2.0 model and neglect the
effect of the mean-field potentials for simplicity.

Here, we briefly comment on two models. In the AMPT
model, all initial partons are assumed to be produced at the
z = 0 plane when t = 0, which is a good approximation at
high-energy collisions. On the other hand, at baryon-rich re-
gion in BES energies, the finite size effect of the initial nucleus
in the longitudinal direction may not be negligible. This finite
thickness effect has been considered in the SMASH model.

At the initial proper time τ0, we assume that the pa-
trons from the AMPT model or hadrons from the SMASH
model reach the local thermal equilibrium. The initial energy-
momentum tensor T μν and the initial baryon current Jμ can
be constructed at Melin coordinate,

T μν (τ0, x, y, ηs) = K
∑

i

pμ
i pν

i

pτ
i

G(τ0, x, y, ηs), (2)

Jμ(τ0, x, y, ηs) =
∑

i

Qi
pμ

i

pτ
i

G(τ0, x, y, ηs), (3)

where G(τ0, x, y, ηs) denotes the Gaussian smearing,

G(τ0, x, y, ηs)

= 1

N exp

[
− (x − xi )2 + (y − yi )2

2σ 2
r

− (ηs − ηsi )2

2σ 2
ηs

]
. (4)

Here

pμ =
[

mT cosh(Y − ηs), px, py,
1

τ0
mT sinh(Y − ηs)

]

is the four-momentum of hadrons or patrons with transverse
mass mT , rapidity Y , and space-time rapidity ηs. Q indicates
the baryon charge for particles. N is the normalization fac-
tor to keep the net baryon number conservation. The overall
normalization parameter K and the Gaussian smearing width
σr, σηs can be determined via comparing the hydrodynamics
calculation to the experimental data on charged hadrons yield
at the most central collisions [146].

In the current paper, we have averaged 5000 fluctuating
T τμ and Jτ from initial events based on the AMPT or SMASH
models to generate smooth initial distributions in given cen-
trality bins, which are determined by the number of initial
patrons or impact parameter for the AMPT and SMASH mod-
els, respectively.

B. (3+1)D CLVisc hydrodynamics framework

In this paper, we implement the (3+1)-dimensional CLVisc
hydrodynamics framework to simulate the dynamical evo-
lution of the QGP. Due to the finite net baryon density at
RHIC-BES energies, we consider both the energy-momentum
and baryon number conservation,

∇μT μν = 0, (5)

∇μJμ = 0, (6)

where ∇μ represents the covariant derivative operator in the
Melin coordinate. The energy-momentum tensor T μν and net
baryon current Jμ can be decomposed into the following form:

T μν = eU μU ν − P 	μν + πμν, (7)

Jμ = nU μ + V μ, (8)

where e, P, n,U μ, πμν, and V μ are the energy density, pres-
sure, net baryon density, the flow velocity, the shear-stress
tensor, and baryon diffusion current, respectively. 	μν =
gμν − U μU ν is a projection. For simplicity, we neglect the
effect of bulk viscosity [147,148].

The evolution of the dissipative currents πμν and V μ is de-
scribed by the following equations based on the Israel-Stewart
second-order hydrodynamics [149]:

	
μν

αβ (u∂ )παβ = − 1

τπ

(πμν − ηvσ
μν ) − 4

3
πμνθ

− 5

7
πα〈μσ ν〉

α + 9

70

4

e + P
π 〈μ

α πν〉α,

	μν (u∂ )Vν = − 1

τV

(
V μ − κB∇μ μB

T

)
− V μθ

− 3

10
Vνσ

μν, (9)

where θ = ∂u is the expansion rate, σμν = ∂ 〈μuν〉 is the sym-
metric shear tensor, ηv and κB are shear viscosity and baryon
diffusion coefficient, respectively. Here, for an arbitrary ten-
sor Aμν , we define the traceless symmetric tensor A〈μν〉 =
1
2 [(	μα	νβ + 	να	μβ ) − 2

3	μν	αβ]Aαβ .
During the simulation, we choose the specific shear viscos-

ity Cηv
and baryon diffusion coefficient CB as free parameters,

which are related to ηv and κB as follows:

Cηv
= ηvT

e + P
, (10)

κB = CB

T
n

[
1

3
cot

(μB

T

)
− nT

e + P

]
, (11)

where μB stands for the baryon chemical potential. The relax-
ation times are chosen as

τπ = 5Cηv

T
, τV = CB

T
. (12)

The NEOS-BQS equation of state (EOS) [150,151] is
supplied to close the equations of motion for relativistic hy-
drodynamics. The NEOS-BQS EOS connects the lattice QCD
and the hadron gas EOS with a smooth crossover under the
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TABLE I. The parameter values for CLVisc hydrodynamics simulation with the AMPT and SMASH initial conditions. The normalization
factor K and parameters for the Gaussian smearing σr, σηs are introduced in Eqs. (2) and (4). The τ0 is the initial time. The Cηv is specific shear
viscosity defined in Eq. (10).

AMPT model SMASH model
√

sNN (GeV) K τ0 (fm) σr (fm) σηs Cηv K τ0 (fm) σr (fm) σηs Cηv

7.7 1.4 2.0 1.0 0.7 0.2 1.0 3.2 1.0 0.35 0.2
27 1.8 1.0 1.0 0.5 0.12 1.0 1.0 1.0 0.35 0.12
62.4 1.7 0.7 0.6 0.55 0.08 1.0 0.7 1.0 0.55 0.08

strangeness neutrality and electric charge density nQ = 0.4nB

condition.
Before ending this subsection, we list all other parameters

used in the initial conditions and hydrodynamics evolution in
Table I. And the CB defined in Eq. (11) is a free parameter in
general. We will discuss the CB dependence in Sec. III B.

C. Particularization

With the QGP fireball expansion, the medium will convert
to soft particles according to the Cooper-Frye formula when
the the local energy density of the medium cools down to
0.4 GeV/fm3,

E
dN

d3 p
= gi

(2π )3

∫
�

pμd�μ( feq + δ fπ + δ fV ). (13)

Here gi is the degeneracy for identified hadrons; d�μ is the
hypersurface element which is determined from the projection
method [125]; feq, δ fπ , and δ fV are thermal equilibrium dis-
tribution and out-of-equilibrium corrections, which take the
following forms [149,152,153]:

feq(x, p) = 1

exp[(pμU μ − BμB)/Tf ] ± 1
, (14)

δ fπ (x, p) = feq(1 ± feq )
pμ pνπ

μν

2T 2
f (e + P)

, (15)

δ fV (x, p) = feq(1 ± feq )

(
n

e + P
− B

U μ pμ

)
pμVμ

κB/τV
, (16)

where Tf is the chemical freeze-out temperature, B is the
baryon number for the identified baryon. After the particular-
ization of the fluid, we simulate the hadrons by the SMASH
model [132–136] again.

D. Spin polarization

In noncentral heavy-ion collisions, the quarks are polar-
ized due to the huge initial orbital angular momentum of the
QGP fireball. One can assume that the quarks reach to the
local (thermal) equilibrium at freeze-out hypersurface. As a
common strategy in the community, we further assume that
the spins of quarks or hadrons are not modified during the
particularization and hadronic cascade. The polarization pseu-
dovector for spin- 1

2 particles can be evaluated by the modified

Cooper-Frye formula [40,41],

Sμ(p) =

∫
d� pJ μ

5 (p, X )

2m
∫

d� N (p, X )
, (17)

where J μ

5 and N μ(p, X ) are axial-charge current density and
the number density of fermions in phase space, respectively.
Following the results from quantum kinetic theory [21,22,65],
Sμ(p) can be decomposed into different sources,

Sμ(p) = Sμ
thermal(p) + Sμ

shear (p) + Sμ
accT(p)

+Sμ
chemical(p) + Sμ

EB(p), (18)

where

Sμ
thermal(p) =

∫
d�σ Fσ εμναβ pν∂α

uβ

T
,

Sμ
shear (p) =

∫
d�σ Fσ

εμναβ pνuβ

(up)T

× pρ (∂ρuα + ∂αuρ − uρDuα )

Sμ
accT(p) = −

∫
d�σ Fσ

εμναβ pνuα

T

(
Duβ − ∂βT

T

)
,

Sμ
chemical(p) = 2

∫
d�σ Fσ

1

(up)
εμναβ pαuβ∂ν

μ

T
,

Sμ
EB(p) = 2

∫
d�σ Fσ

[
εμναβ pαuβEν

(up)T
+ Bμ

T

]
, (19)

with

Fμ = h̄

8m��(p)
pμ feq(1 − feq ),

�(p) =
∫

d�μ pμ feq. (20)

The above equations represent the polarization induced by
the thermal vorticity, the shear tensor, the fluid acceleration
minus temperature gradient (accT), the gradient of chemical
potential over temperature, and the external electromagnetic
fields, respectively. Since the electromagnetic fields decay
rapidly, we neglect the Sμ

EB in our simulations. Sμ
shear and

Sμ
chemical are also named shear-induced polarization and the

SHE, respectively. In general, the above expression for the
polarization can also be derived from different models, e.g.,
the statistic model [51,64] and Kubo formula [23,24,62,63].

In the experiment, the polarization of � and � are mea-
sured in their own rest frames. Therefore, we express the

064909-4



LOCAL AND GLOBAL POLARIZATION OF � … PHYSICAL REVIEW C 105, 064909 (2022)

FIG. 1. The local polarization along the beam direction of � hyperons Pz as a function of azimuthal angle φp in 20–50% centrality at√
sNN = 7.7-, 27-, 62.4-GeV Au + Au collisions with the AMPT and SMASH initial conditions. The results are set up with pT ∈ [0.5, 3.0]

and y ∈ [−1, 1]. The coefficient CB in Eq. (11) is set to be zero. The different colors stand for the separated contribution induced by the thermal
vorticity, SIP, SHE, and the acceleration terms.

polarization pseudovector in the rest frame of � and �, named
�P∗(p), by taking the Lorenz transformation,

�P∗(p) = �P(p) − �P(p) · �p
p0(p0 + m)

�p, (21)

where

Pμ(p) ≡ 1

s
Sμ(p), (22)

with s = 1/2 being the spin of the particle. Finally, the local
polarization is given by the averaging over momentum and
rapidity as follows:

〈 �P(φp)〉 =

∫ ymax

ymin

dy
∫ pT max

pT min

pT d pT [�(p) �P∗(p)]

∫ ymax

ymin

dy
∫ pT max

pT min

pT d pT �(p)
, (23)

where φp is the azimuthal angle. For convenience, we follow
Eqs. (20) and use the letters in the lower indices for the
polarization induced by different sources, e.g., Pz

shear stands
for the local polarization along the beam direction induced by
the shear tensor, and Pi(φp) for the total local polarization.

In the current paper, we focus on polarization at 20–50%
centrality in

√
sNN = 7.7-, 27-, 62.4-GeV Au + Au colli-

sions and take the mass of � or � as m = 1.116 GeV. The
regions of transverse momentum and rapidity are chosen as
pT ∈ [0.5, 3.0] and y ∈ [−1, 1].

III. NUMERICAL RESULTS

In this section, we present the numerical results for the
spin polarization in Au + Au collisions at RHIC-BES en-
ergies using the (3+1)-dimensional CLVisc hydrodynamics
framework with the AMPT and SMASH initial conditions.
We first present the results for the local polarization of � and
� hyperons induced by different sources at different collision
energies in Sec. III A. We discuss the contributions from the
SHE and compare the results from the AMPT and SMASH
initial conditions. Then we study the baryon diffusion depen-
dence of the polarization in Sec. III B. At last, we also show
the global polarization of � and � hyperons.

A. Local polarization and the SHE

In Fig. 1, we plot the local polarization of � hyperons
along beam direction Pz contributed from different compo-
nents using the AMPT and SMASH initial conditions at
20–50% centrality in

√
sNN = 7.7-, 27-, 62.4-GeV Au +

Au collisions. For both the AMPT and the SMASH initial
conditions, the polarization induced by the SHE (Pz

chem) and
SIP (Pz

shear) provide the sine contribution to longitudinal po-
larization Pz, whereas the polarization from thermal vorticity
Pz

th and fluid acceleration Pz
accT give the opposite contribution.

These results are similar to previous studies [21,23,24,51].
Let us focus on the collision energy and initial condition

dependences. For the simulations with the AMPT initial con-
ditions, we find that the longitudinal polarization induced by
the thermal vorticity Pz

th, shear tensor Pz
shear, and the fluid

acceleration Pz
accT show a weak dependence on the collision

064909-5



WU, YI, QIN, AND PU PHYSICAL REVIEW C 105, 064909 (2022)

FIG. 2. The total local polarization along the beam direction of � and � hyperons Pz as a function of azimuthal angle φp in 20–50%
centrality at

√
sNN = 7.7-, 27-, 62.4-GeV Au + Au collisions with the AMPT and SMASH initial conditions. The results are set up with

pT ∈ [0.5, 3.0], y ∈ [−1, 1], and CB = 0 in Eq. (11). The line with or without the circle stands for the AMPT or SMASH initial condition. The
blue solid and orange dashed lines denote the results for � and � hyperons.

energy. The magnitude of Pz
accT or Pz

th, Pz
shear increases or

decreases when the collision energies decrease, respectively.
In contrast, for the AMPT initial condition, the longitudinal
polarization induced by the SHE strongly depends on the
collision energy, and Pz

chem grows when the collision energy
decreases.

Next, we compare the results from the AMPT model with
the one from the SMASH model. We find that the magnitude
of Pz

th and Pz
shear derived by the simulations with the SMASH

model are on the same order as the one with the AMPT
initial condition. This is expected because the radial flow in
the final state given by the SMASH model is similar to the
one from the AMPT model. Again, we observe that Pz

accT is
almost vanishing in the simulations with the SMASH initial
condition. Interestingly, Pz

chem simulated from the SMASH
initial condition becomes almost negligible and has a weak
dependence on the collision energies. These results indicate
the longitudinal polarization induced by the SHE Pz

chem de-
pends on initial conditions strongly.

By summing over the contributions from all the above
sources in Fig. 1, we plot the total local spin polarization along
beam direction Pz for � and �̄ hyperons in Fig. 2 as a function
of φp in 20–50% centrality at

√
sNN = 7.7-, 27-, 62.4-GeV

Au + Au collisions with the AMPT and SMASH initial
conditions. At

√
sNN = 27, 62.4 GeV, the simulations with

both the AMPT and the SMASH initial conditions give
the similar total local polarization Pz. Surprisingly, the total
local polarization Pz at

√
sNN = 7.7 GeV from the AMPT

initial conditions is significant, different with the one from
the SMASH initial conditions. The SMASH initial condition
gives an opposite sign for Pz in contrast to the AMPT initial
condition due to the contributions from Pz

chem. Again, such
results originate from the difference of the initial baryon den-
sity profiles in two models. Another important observation
is that the longitudinal polarization for �̄ hyperons has a
larger magnitude than the one for � hyperons, especially at√

sNN = 7.7 GeV with the SMASH initial conditions. It opens
a window to to probe the initial structure of the QGP at the
baryon-rich region through the local polarization of � and �̄.

In Fig. 3, we plot the local polarization of �

hyperons along out-of-plane direction Py contributed
from different sources in 20–50% centrality at

√
sNN =

7.7-, 27-, 62.4-GeV Au + Au collisions using the
AMPT and SMASH initial conditions. We observe that
the contribution from the thermal vorticity Py

th dominates
over other sources for both the AMPT and the SMASH initial
conditions. The simulations with the SMASH initial condition
give a larger Py

th than with the AMPT models, especially at√
sNN = 7.7 GeV. For the polarization induced by the SHE

Py
chem, the results from both the AMPT and the SMASH initial

conditions are similar. We note that in Fig. 1 the polarization
induced by the SHE along the beam direction Pz

chem has the
similar behavior as the one induced by the shear tensor Pz

shear.
In contrast, the slope of Py

chem seems to be always opposite to
the one of Py

shear as shown in Fig. 3. Also similar to Fig. 1,
the polarization related to the fluid accelerationPy

accT is much
smaller than other sources.

Next, let us focus on the collision energy dependence of the
local polarization along the out-of-plane direction induced by
different sources. Similar to the vorticity derived from other
models [17,19,47,154], Py

th increases when the collision ener-
gies decrease for both initial conditions. As for the transverse
polarization induced by the SIP and SHE, Py

shear and Py
chem

with the AMPT initial condition first increase and then de-
crease when the collision energy decreases. With the SMASH
initial condition, we find that Py

chem increases monotonically
with decreasing collision energy, whereas Py

shear first increases
and then flips its sign when the collision energy decreases.
Such behavior is different from the results in Ref. [23] due
to the choice of initial conditions and parameters. The most
important observation in Fig. 3 is that the SIP contribution
Py

shear is sensitive to the initial conditions. Py
shear changes its

sign at 7.7 GeV with the SMASH initial condition, which is
not observed for the AMPT initial condition. Note that Py

shear
at 7.7 GeV with the SMASH initial condition is also quite
different from the results obtained by other hydrodynamics
simulations [23].

In Fig. 4, we present the total local spin polarization along
the out-of-plane direction Py of � and �̄ hyperons as a func-
tion of φp. The magnitude of Py from both the AMPT and
SMASH initial conditions increases with decreasing collision
energies. As shown in Fig. 3, Py

th from the SMASH initial
condition is larger than the one from the AMPT initial condi-
tion. The simulations with the SMASH initial condition give
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FIG. 3. The local polarization along the y direction of � hyperons Py as a function of azimuthal angle φp in 20–50% centrality at
√

sNN =
7.7-, 27-, 62.4-GeV Au + Au collisions with the AMPT and SMASH initial conditions. The results are set up with pT ∈ [0.5, 3.0] and
y ∈ [−1, 1].The coefficient CB in Eq. (11) is set to be zero. The different colors stand for the separated contribution induced by the thermal
vorticity, SIP, SHE, and the acceleration terms.

a larger Py compare to the AMPT initial condition. The differ-
ence between the magnitudes of Py from two initial condition
models increases when the collision energies decrease. At 27
and 62.4 GeV, we also find that the polarization is smaller
at the in-plane direction than at the out-of-plane direction.
On the other hand, at 7.7 GeV, the total local polarization Py

from the AMPT initial conditions is almost independent on
the azimuthal angle φp.

B. Baryon diffusion dependence

As is known, the effect of baryon diffusion is crucial at the
finite net baryon density region. In this subsection, we study
the effect of baryon diffusion on � polarization.

In Figs. 5 and 6, we change the baryon diffusion coefficient
to be CB = 1.2 in the longitudinal local polarization Pz and
compare to the results shown in Figs. 1 and 2. In Fig. 5, we
find that the SIP Pz

shear and the polarization induced by the
fluid acceleration Pz

accT in the case of CB = 1.2 are almost the
same as those with CB = 0. On the other hand, the polarization
along the beam direction induced by the thermal vorticity Pz

th
and the SHE Pz

chem are enhanced when CB increases. Such
enhancement is prominent at low-energy collisions and in the
simulations with the SMASH initial condition.

We present the total local polarization along the beam
direction for � and � hyperons in Fig. 6 with CB = 0 and 1.2.
We find that the magnitude of total Pz for both � and � hyper-
ons from the AMPT initial condition slightly decrease when

FIG. 4. The total local polarization along the y direction of � and � hyperons Py as a function of azimuthal angle φp in 20–50% centrality
at

√
sNN = 7.7-, 27-, 62.4-GeV Au + Au collisions with the AMPT and SMASH initial conditions. The results are set up with pT ∈ [0.5, 3.0],

y ∈ [−1, 1], and CB = 0 in Eq. (11). The line with or without the circle stands for the AMPT or SMASH initial condition. The blue solid and
orange dashed lines denote the results for � and � hyperons.
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FIG. 5. The local polarization along the beam direction of � hyperons Pz as a function of azimuthal angle φp in 20–50% centrality at√
sNN = 7.7-, 27-, 62.4-GeV Au + Au collisions with the AMPT and SMASH initial conditions and different baryon diffusion coefficients

CB. The results are set up with pT ∈ [0.5, 3.0] and y ∈ [−1, 1]. The different colors stand for the separated contribution induced by the thermal
vorticity, SIP, SHE, and the acceleration terms. The line without or with the circle denotes CB = 0 and CB = 1.2, respectively.

CB increases at
√

sNN = 27, 62.4 GeV. On the other hand, the
total Pz from the SMASH initial condition is very sensitive

to the value of CB. Interestingly, we observe that the total
local polarization Pz for � hyperons from the SMASH initial

FIG. 6. The total local polarization along the beam direction of � and � hyperons Pz as a function of azimuthal angle φp in 20–50%
centrality at

√
sNN = 7.7-, 27-, 62.4-GeV Au + Au collisions with the AMPT and SMASH initial conditions and different baryon diffusion

coefficients CB. The results are set up with pT ∈ [0.5, 3.0] and y ∈ [−1, 1]. The line without or with the circle denotes CB = 0 and CB = 1.2,
respectively.
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FIG. 7. The local polarization along the y direction of � hyperons Py as a function of azimuthal angle φp in 20–50% centrality at
√

sNN =
7.7-, 27-, 62.4-GeV Au + Au collisions with the AMPT and SMASH initial conditions and different baryon diffusion coefficientsCB. The
results are set up with pT ∈ [0.5, 3.0] and y ∈ [−1, 1]. The different colors stand for the separated contribution induced by the thermal vorticity,
SIP, SHE, and the acceleration terms. The line without or with the circle denotes CB = 0 and CB = 1.2, respectively.

condition will change its sign at 7.7 GeV when CB = 1.2. This
is due to the enhancement of the polarization induced by the
SHE Pz

chem from the baryon diffusion effect as shown in Fig. 5.
At last, we also plot the local polarization along the y direc-

tion for � hyperons Py with different CB in Fig. 7. The baryon
diffusion effect on Py induced by different sources with both
the AMPT and the SMASH initial conditions are almost neg-
ligible. This means that the local transverse polarization of �

hyperons is only very sensitive to initial conditions as shown
above. Thus, it should provide a very good probe to the initial
states of relativistic heavy-ion collisions.

C. Global polarization

In Fig. 8, we show the global polarization of � and �̄

hyperons along the out-of-plane direction as a function of col-
lision energies in the midrapidity region at 20–50% centrality
Au + Au collisions.

Our numerical results agree with the measurements of the
STAR Collaboration very well. The simulations with both
the AMPT and the SMASH initial conditions show that the
total polarization along the out-of-plane direction Py increases
when the collision energies decreases. We numerically check
that the global polarization is mainly induced by thermal
vorticity after integrating over the azimuthal angle φp. At the
low-energy collision, e.g., when

√
sNN � 27 GeV, the polar-

ization computed from the SMASH initial condition is much
larger than the one from the AMPT initial condition. This
difference comes from the effect of finite nuclear thickness,
which is included in the SMASH model. Interestingly, we also

find that the polarization of � hyperons is not always larger
than the one of � hyperons, which is different with other
studies [20]. Our results implies that there are competitions
between the finite baryon chemical potential effect and the
production times of � and �̄ hyperons.

FIG. 8. The global polarization Py as a function of collision
energies

√
sNN for � and � hyperons in 20–50% centrality at Au

+ Au collisions. The experimental data are from the measurements
of the STAR Collaboration [2] and scaled by 0.877. We choose
pT ∈ [0.5, 3.0], y ∈ [−1, 1], and CB = 0.
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IV. CONCLUSION AND DISCUSSION

We have systematically studied the local and global po-
larization of � and �̄ hyperons at RHIC-BES energies in
the framework of the (3+1)-dimensional CLVisc hydrody-
namic model with the AMPT and SMASH initial conditions.
In this paper, we concentrate on the three aspects, the local
polarization induced by the SHE, the role of initial condi-
tion, and the dependence of baryon diffusion to the local
polarization.

We consider two different initial conditions for our sim-
ulations based on the AMPT and SMASH models. We
emphasize that the finite thickness effects of nucleus have
already been encoded in the SMASH. This effect plays an
important role at baryon-rich region of collisions. The polar-
ization pseudovector is given by the modified Cooper-Frye
formula in which the axial current in phase space is derived
from the QKT. Then, the polarization can be decomposed
as the polarization induced by thermal vorticity, shear tensor,
the gradient of baryon chemical potential over temperature,
the fluid acceleration, and electromagnetic fields. For simplic-
ity, we neglect the contribution from electromagnetic fields.
In this paper, we compute the local and global polarizations in
20–50% centrality at

√
sNN = 7.7-, 27-, 62.4-GeV Au + Au

collisions.
In Sec. III A, we concentrate on the local polarization

induced by the SHE and the role of initial conditions. At√
sNN = 27, 62.4 GeV, the simulations with both the AMPT

and the SMASH initial conditions show negligible contribu-
tion from the polarization induced by the SHE. At

√
sNN =

7.7 GeV, the polarization induced by the SHE Pz
chem from the

simulations with the AMPT initial condition, gives a sizable
contribution and can even flip the sign of the total local po-
larization along the beam direction Pz, whereas Pz

chem from
the SMASH initial condition at that collision energy region is
negligible. The polarizations along the out-of-plane direction
induced by the SHE Py

chem from the AMPT initial condition
first increases and then decreases when the collision energy
decreases, whereas the Py

chem form the SMASH initial condi-
tion increases monotonically with decreasing collision energy.

We also discuss the local polarizations induced by thermal
vorticity and shear tensor. Pz

th and Pz
shear from the the AMPT

initial condition are similar to those from the SMASH initial
condition because of the similar radial flows generated from
two initial conditions. Along the out-of-plane direction, we
observe that Py

th dominates the total local polarization. Py
th

from the SMASH initial condition is larger than that from
the AMPT initial condition especially at

√
sNN = 7.7 GeV. In

particular, Py
shear from the SMASH initial condition changes its

trend at
√

sNN = 7.7 GeV compared to the results at
√

sNN =
27, 62.4 GeV. Such behavior has not been observed for the
AMPT initial condition. We also note that the slope of Pz

chem
is similar to Pz

shear, whereas the slope of Py
chem is opposite to

Py
shear.

Next, we have studied the dependence on baryon diffu-
sion coefficients CB in Sec. III B. We find that Pz

th and Pz
chem

are sensitive to CB especially at 7.7 GeV with the SMASH
initial condition. The results from the SMASH initial con-
dition at 7.7 GeV collision show that the total Pz flips its
sign when CB = 1.2. On the other hand, the effects of finite
CB to the polarization along the out-of-plane direction Py are
negligible.

We also plot the global polarization of � and � hyperons
as a function of collision energy in Sec. III C. Our results
agree with the measurement of the STAR Collaboration. In-
terestingly, we find that the global polarization of � hyperons
is not always larger than the one of � hyperons due to the
competing effects from the finite baryon chemical potential
and the production times of � and �̄ hyperons.

We conclude that the initial conditions and baryon dif-
fusion are crucial to describe both the local and global
polarizations. The SHE contributions also play a role to both
local and global polarizations. The strong dependences of
the initial conditions and the baryon diffusion imply the un-
certainties in the theoretical frameworks. Since polarization
depends on more detailed structures of the QGP, such as
thermal vorticity, shear tensor, and the gradients of baryon
chemical potential, compared to other collective phenomena,
future studies should be able to provide better understanding
of the novel properties of the QGP in relativistic heavy-ion
collisions.

ACKNOWLEDGMENTS

We thank Baochi Fu, Long-Gang Pang, Yi Yin, Huichao
Song, and Xin-Li Sheng for helpful discussions. This work
was supported, in part, by Natural Science Foundation of
China (NSFC) under Grants No. 11775095, No. 11890710,
No. 11890711, No. 11935007, No. 12075235, and No.
12135011. Some of the calculations were performed in the
Nuclear Science Computing Center at Central China Normal
University (NSC3), Wuhan, Hubei, China.

[1] L. Adamczyk et al. (STAR Collaboration) Nature (London)
548, 62 (2017).

[2] M. S. Abdallah et al. (STAR Collaboration) Phys. Rev. C 104,
L061901 (2021).

[3] Z.-T. Liang and X.-N. Wang, Phys. Rev. Lett. 94, 102301
(2005) [96, 039901(E) (2006)].

[4] Z.-T. Liang and X.-N. Wang, Phys. Lett. B 629, 20 (2005).
[5] J.-H. Gao, S.-W. Chen, W.y. Deng, Z.-T. Liang, Q. Wang, and

X.-N. Wang, Phys. Rev. C 77, 044902 (2008).

[6] F. Becattini and I. Karpenko, Phys. Rev. Lett. 120, 012302
(2018).

[7] X.-L. Xia, H. Li, Z.-B. Tang, and Q. Wang, Phys. Rev. C 98,
024905 (2018).

[8] J. Adam et al. (STAR Collaboration) Phys. Rev. Lett. 123,
132301 (2019).

[9] M. A. Lisa, J. G. PradoBarbon, D. D. Chinellato, W. M.
Serenone, C. Shen, J. Takahashi, and G. Torrieri, Phys. Rev.
C 104, L011901 (2021).

064909-10

https://doi.org/10.1038/nature23004
https://doi.org/10.1103/PhysRevC.104.L061901
https://doi.org/10.1103/PhysRevLett.94.102301
https://doi.org/10.1103/PhysRevLett.96.039901
https://doi.org/10.1016/j.physletb.2005.09.060
https://doi.org/10.1103/PhysRevC.77.044902
https://doi.org/10.1103/PhysRevLett.120.012302
https://doi.org/10.1103/PhysRevC.98.024905
https://doi.org/10.1103/PhysRevLett.123.132301
https://doi.org/10.1103/PhysRevC.104.L011901


LOCAL AND GLOBAL POLARIZATION OF � … PHYSICAL REVIEW C 105, 064909 (2022)

[10] B. Betz, M. Gyulassy, and G. Torrieri, Phys. Rev. C 76, 044901
(2007).

[11] L. P. Csernai, V. K. Magas, and D. J. Wang, Phys. Rev. C 87,
034906 (2013).

[12] F. Becattini, L. P. Csernai, and D. J. Wang, Phys. Rev. C 88,
034905 (2013); 93, 069901(E) (2016).

[13] F. Becattini et al., Eur. Phys. J. C 75, 406 (2015); 78, 354(E)
(2018).

[14] L.-G. Pang, H. Petersen, Q. Wang, and X.-N. Wang, Phys. Rev.
Lett. 117, 192301 (2016).

[15] S. Alzhrani, S. Ryu, and C. Shen, arXiv:2203.15718.
[16] Y. Jiang, Z.-W. Lin, and J. Liao, Phys. Rev. C 94, 044910

(2016); 95, 049904(E) (2017).
[17] W.-T. Deng and X.-G. Huang, Phys. Rev. C 93, 064907 (2016).
[18] H. Li, L.-G. Pang, Q. Wang, and X.-L. Xia, Phys. Rev. C 96,

054908 (2017).
[19] D.-X. Wei, W.-T. Deng, and X.-G. Huang, Phys. Rev. C 99,

014905 (2019).
[20] S. Ryu, V. Jupic, and C. Shen, Phys. Rev. C 104, 054908

(2021).
[21] C. Yi, S. Pu, and D.-L. Yang, Phys. Rev. C 104, 064901 (2021).
[22] C. Yi, S. Pu, J.-H. Gao, and D.-L. Yang, Phys. Rev. C 105,

044911 (2022).
[23] B. Fu, L. Pang, H. Song, and Y. Yin, arXiv:2201.12970.
[24] B. Fu, S. Y. F. Liu, L. Pang, H. Song, and Y. Yin, Phys. Rev.

Lett. 127, 142301 (2021).
[25] B. Fu, K. Xu, X.-G. Huang, and H. Song, Phys. Rev. C 103,

024903 (2021).
[26] H.-Z. Wu, L.-G. Pang, X.-G. Huang, and Q. Wang, Phys. Rev.

Research 1, 033058 (2019).
[27] F. Becattini, I. Karpenko, M. A. Lisa, I. Upsal, and S. A.

Voloshin, Phys. Rev. C 95, 054902 (2017).
[28] I. Karpenko and F. Becattini, Eur. Phys. J. C 77, 213 (2017).
[29] W. Zhao, Y. Zhou, H. Xu, W. Deng, and H. Song, Phys. Lett.

B 780, 495 (2018).
[30] G.-Y. Qin and B. Muller, Phys. Rev. C 89, 044902 (2014).
[31] B. Schenke and R. Venugopalan, Phys. Rev. Lett. 113, 102301

(2014).
[32] A. Bzdak and G.-L. Ma, Phys. Rev. Lett. 113, 252301 (2014).
[33] W. Zhao, C. M. Ko, Y.-X. Liu, G.-Y. Qin, and H. Song, Phys.

Rev. Lett. 125, 072301 (2020).
[34] B. Schenke, Rep. Prog. Phys. 84, 082301 (2021).
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