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The global and local polarization measurements of Λ (Λ̄) hyperons by STAR and ALICE Col-
laborations open up an immense interest in investigating the polarization dynamics in heavy-ion
collisions. Recent studies suggest the transverse component of the vorticity field is responsible for
the global spin polarization, while the longitudinal component of the vorticity field accounts for
the local polarization. The local polarization of Λ-hyperons arises due to the anisotropic flows in
the transverse plane, indicating a quadrupole pattern of the longitudinal vorticity along the beam
direction. The present study focuses on the local (longitudinal) polarization of Λ and Λ̄ in Au+Au
and Pb+Pb collisions at

√
sNN = 200 GeV and 5.02 TeV, respectively. Further, we explore the cen-

trality and transverse momentum (pT) dependence of longitudinal polarization using hydrodynamic
and transport models. All these models predict a maximum longitudinal polarization in mid-central
collisions around 30-50 % centrality at pT ≈ 2.0 - 3.0 GeV/c. These findings on longitudinal polar-
ization advocate the existence of a thermal medium in non-central heavy-ion collisions. Our findings
are in agreement with corresponding experimental data at the RHIC and LHC energies.

I. INTRODUCTION

Recently, many studies have been conducted to
investigate the physics involved in non-central ultra-
relativistic heavy-ion collisions at the Relativistic Heavy
Ion Collider (RHIC) and the Large Hadron Collider
(LHC). The medium created in these collisions is be-
lieved to be the hottest, most dense, least viscous, and
most vortical fluid ever found in nature [1, 2]. The shear
in the initial velocity distribution of the participants
manifests a non-zero vorticity component, resulting
in a net polarization of the produced particles along
the orbital angular momentum (OAM) direction. This
phenomenon is referred to as global polarization [3, 4].
Excluding OAM contribution, there are other sources
contributing to vorticity. These include anisotropic flow,
jet energy deposition, and deviations from longitudinal
boost invariance in the transverse velocity fields [5–14].
Depending on the location of fluid elements within
the created system, vorticity is generated in different
directions, which could induce a local polarization of the
particles.

At the early stages of the development of the rela-
tivistic spin-polarization framework, most relativistic
hydrodynamic models assume the spin degrees of
freedom in local thermodynamical equilibrium for
studying global spin polarization. Consequently, a
relationship emerges between spin polarization and
thermal vorticity, suggesting polarization is directly
proportional to the gradient of velocity and temperature
fields. Such polarization aligns with the direction of
OAM. Besides global polarization, longitudinal (local)
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polarization of Λ-hyperons along the beam direction
is observed in experiments [15–18]. The longitudinal
polarization arises due to the inhomogeneous expansion
of the fireball. Specifically, in non-central heavy-ion
collisions, anisotropic flow in the transverse plane form
a quadrupole pattern of longitudinal vorticity along the
beam direction (z-axis), leaving particles longitudinally
polarized [5–10]. Unlike the polarization along OAM,
the longitudinal polarization (Pz) is sensitive only to
transverse expansion dynamics [8]. It does not decrease
rapidly with increasing center-of-mass energy; thus, it
is detectable even at LHC energies. Furthermore, it is
sustained in the Bjorken longitudinal boost invariance
scenario and does not require identifying the orientation
of the reaction plane. However, the topology of the
colliding ions plays a crucial role in determining the
longitudinal polarization of the particles.

Over time, significant progress has been made in
investigating the polarization of the particles in ultra-
relativistic collisions [1, 3, 19–41]. There are numerous
theoretical advancements, including Liang and Wang’s
prediction of strange quark polarization caused by the
spin-orbit coupling within the thermalized QCD mat-
ter [3]. Additionally, Becattini et al. proposed the global
spin polarization of Λ-hyperons due to thermal vortic-
ity [28]. Later, various theoretical frameworks based
on 3+1D relativistic hydrodynamic and multiphase
transport models were formulated to explain the global
polarization of Λ-hyperons. Their predictions quanti-
tatively and qualitatively agree with the experimental
findings at the RHIC [1, 29–41]. This convergence of
theory and experiment implies a need for a thorough
study of longitudinal polarization of Λ-hyperons.

The experimental measurement of longitudinal polar-
ization of Λ (Λ̄) with the azimuthal angle (ϕ) relative to
the second-order event plane (Ψ2) by the STAR Collab-
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oration [15, 16] shows an opposite trend as compared to
the theoretical predictions [8]. This discrepancy between
theoretical models and experimental data is commonly
referred to as a “spin sign puzzle”. A study by Xie et
al. employed a (3+1)D particle-in-cell relativistic hydro-
dynamic model, and the obtained results qualitatively
agree with the experimental data [42]. Nonetheless, the
reason for the disparate signs of longitudinal polarization
across various hydrodynamic models remains uncertain.
In some studies, it has been attempted to explain by
adding a thermal shear term at local equilibrium into
the spin polarization vector [43–46]. The authors have
obtained the modified spin polarization vector in the
linear response theory by assuming an isothermal decou-
pling hypersurface in local equilibrium and taking the
linear order in the gradients of all thermodynamic fields.
This modified spin polarization vector for spin-1/2
baryons contains contributions from kinematic vorticity
and kinematic shear tensor. Using this definition of the
spin polarization vector in the hydrodynamic model,
the authors could reasonably explain the longitudinal
polarization data [45]. Further, a multi-phase transport
model (AMPT) based study was also able to address this
polarization sign issue by considering the quadrupole
structure of longitudinal vorticity [5].

Moreover, there have been several additional efforts to
address this issue. For instance, by substituting the ther-
mal vorticity in the spin polarization equation (Eq. 1)
with projected thermal vorticity or T-vorticity, the
longitudinal component of polarization flips its sign and
aligns with experimental observations [47, 48]. Recently,
Yi et al. estimated that the emergence of longitudinal
polarization is due to a combination of shear-induced
tensor, thermal vorticity, and fluid acceleration [49].
They argued that while the shear-induced term accounts
for the correct angular dependence of longitudinal
polarization, its overall impact might be nullified by
thermal vorticity and fluid acceleration. Furthermore,
Florkowski et al. examined the contributions of thermal
shear and thermal vorticity to longitudinal polarization
[50]. In their earlier work, they attempted to resolve
this spin sign puzzle by incorporating a spin tensor
component into the orbital angular momentum [51–54].
The spin sign puzzle has been attempted to solve by
considering the gradient of chemical potential [55] and
spin potential [56]. A chiral kinetic approach with
AMPT initial conditions also predicts the same Pz

modulation as experimental data [12]. This approach
considers the transverse component of vorticity and
non-equilibrium effects due to spin degrees of freedom.

However, the observation of longitudinal polarization
of Λ-hyperons is not only limited to its azimuthal
angle dependence relative to the second-order event
plane. The centrality, transverse momentum (pT), and
rapidity dependence of longitudinal polarization are also
observed at the RHIC and LHC energies [15–18]. A

simple boost-invariant blast wave (BW) hydrodynamic
model with few freeze-out parameters explains the
centrality and pT dependence of longitudinal polar-
ization measured by the STAR Collaboration [15]. It
considers the kinematic vorticity associated with the
velocity field without contribution from the temper-
ature gradients and acceleration term. Furthermore,
a hydrodynamic model MUSIC with AMPT initial
conditions is used to estimate the centrality, pT and
rapidity dependence of longitudinal polarization of Λ-
hyperons. This MUSIC+AMPT-based study considers
both fluid shear-induced vorticity and thermal vorticity
into account. It predicts the effect of thermal vorticity
dominance over shear vorticity when the longitudinal
polarization of Λ and Λ̄ hyperons is obtained at the
freeze-out using hyperon mass as the mass of the spin
carrier. Hence, considering the hyperon mass, gives
the negative longitudinal polarization corresponding to
centrality, pT and rapidity dependence [17]. While in
other case, using the strange quark mass in place of
the hyperon mass, the effect of shear-induced vorticity
dominates over thermal vorticity. As a consequence,
it predicts positive longitudinal polarization, which is
similar to the observed experimental data. So, the
MUSIC+AMPT-based study advocates that Λ hyperons
inherit the spin polarization of strange quarks. It is
important to note that in the both cases, the effect of
hadronic interactions on Λ hyperons spin polarization is
not considered. Therefore, the particle spin polarization
dynamics depends on the assumptions used in the model
to calculate the polarization observable. So, it is crucial
to validate the longitudinal polarization data with other
hydrodynamic and transport models that consider the
hadronic scattering into account.

In the present work, we use hydrodynamic and
multiphase transport models to explore the longitu-
dinal polarization of Λ-hyperons in ultra-relativistic
heavy-ion collisions. More precisely, this study has
been performed using the computational packages:
Eulerian Conservative High Order Quark Gluon Plasma
(ECHO-QGP), Energy conservation Parallel scatting
factOrization Saturation (EPOS4) as hydrodynamic
models and A MultiPhase Transport (AMPT) model as
a transport model. It is to be noted that the present
study considers a longitudinal boost invariance scenario.
Here, we investigate the centrality and pT dependence
of longitudinal polarization of Λ-hyperons.

This paper is organized as follows. After a brief intro-
duction in section I, we discuss the formulation of elliptic
flow-induced local polarization in section II. Section III
briefly describes the event generators, ECHO-QGP,
EPOS4, and AMPT. The results obtained from the
model are discussed in section IV. Finally, the important
findings are summarized in section V.
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II. METHODOLOGY

Previous studies have proposed that the longitudi-
nal mean spin vector intrigues longitudinal polariza-
tion [8, 12, 47, 50]. The degree of longitudinal polariza-
tion depends on the hydrodynamical evolution, the sec-
ond anisotropic flow coefficient, and the azimuthal angle
of the emitted particles [8]. Together, these insights illus-
trate the complex interplay between spin and flow of the
medium constituents produced in the ultra-relativistic
collisions. Furthermore, the mean spin vector of a spin-
1/2 particle, characterized by its four-momentum p, is
intricately linked to the thermal vorticity at leading or-
der [28, 29], and is given by;

Sµ(p) = − 1

8m
ϵµρστpτ

∫
Σ
dΣλp

λ nF (1− nF )ω̄ρσ∫
Σ
dΣλpλ nF

, (1)

where ω̄ is the thermal vorticity, defined in terms of
the anti-symmetric derivative of four temperature fields,
given by;

ω̄µν = −1

2
(∂µβν − ∂νβµ) (2)

The relation between four temperature vector, βµ,
and the four velocity uµ, along with the temperature T,
is expressed succinctly as βµ = uµ

T . This fundamental
relationship, unveiled in Eq. (1), illuminates the decou-
pling hypersurface (Σ) dynamics. Within this domain,
the covariant Fermi-Dirac phase space distribution func-
tion nF is defined as nF = 1/[exp (β.p−

∑
j µjqj/T )+1].

Further, it is assumed that under the vicinity of the
ideal uncharged fluid temperature vorticity (Ωµν) van-
ishes at all times, and the thermal vorticity, ω̄, reduces
to [4, 8];

ω̄µν =
1

T
(Aµuν −Aνuµ) (3)

here, A is the four-acceleration field.

Now, using the Eq. (3) in Eq. (1), one can obtain the
modified form of the spin vector for spin-1/2 particles,
which is given as;

Sµ(p) = − 1

4m
ϵµρστpτ

∫
Σ
dΣλp

λ AρβσnF (1− nF )∫
Σ
dΣλpλ nF

, (4)

For the ideal uncharged fluid, the equation of motion
is defined as,

Aρ =
1

T
∇ρT =

1

T
(∂ρ − uρu · ∂)T. (5)

Replacing Eq. (5) in Eq. (4), we get;

Sµ(p) = − 1

4mT
ϵµρστpτ

[∫
Σ
dΣλp

λ ∂ρTβσnF (1− nF )∫
Σ
dΣλpλ nF

−
∫
Σ
dΣλp

λ βσuρu.∂TnF (1− nF )∫
Σ
dΣλpλ nF

]
(6)

It must be noted that the inclusion of the term
ϵµρστβσuρ in the second part of Eq. (6) results in this
part becoming zero. Therefore, the spin polarization
tensor is solely determined by the first term.

Now, with the help of the relation ∂
∂pσ nF = −βσnF (1−

nF ), Eq. (6) is rewritten as;

Sµ(p) =
1

4mT
ϵµρστpτ

∫
Σ
dΣλp

λ ∂nF

∂pσ ∂ρT∫
Σ
dΣλpλ nF

, (7)

By first solving the numerator of the above Eq. 7, we
get

∫
Σ

dΣλp
λ ∂nF

∂pσ
∂ρT =

∂

∂pσ

∫
Σ

dΣλp
λnF∂ρT

−
∫
Σ

dΣσnF∂ρT.

At the relativistic limit, it is assumed that the decou-
pling hypersurface happens at T = Tc, where Tc is the
critical temperature. This entails that the normal vector
to the hypersurface is the gradient of temperature, which
forces the second integral of the above expression to van-
ish. Then, the final expression for the mean spin vector
is given by,

Sµ(p) =
1

4mT
ϵµρστpτ

∂
∂pσ

∫
Σ
dΣλp

λ nF ∂ρT∫
Σ
dΣλpλ nF

(8)

Here, we have considered an isochronous decoupling
hypersurface, with a temperature field only dependent
on the Bjorken time τ . Further, the decoupling hyper-
surface is described by the coordinates x, y, η, with τ as
a constant.

Let us calculate the numerator of Eq. (8) putting ρ = 0,
we obtain

∫
Σ

dΣλp
λ nF

dT

dτ
cosh η. (9)

Re-evaluating Eq. (8), at rapidity, Y = 0, gives

Sz(pT , Y = 0)k̂ ≃ −dT

dτ

1

4mT
k̂

∂

∂ϕ
log

∫
Σ

dΣλp
λnF

(10)
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where ϕ is the azimuthal angle of the emitted parti-
cle in the transverse plane. Expanding the Eq. (10) in
Fourier series in ϕ and keeping only the elliptic flow term
produces a simplified form of the longitudinal component
of the mean spin vector;

Sz(pT , Y = 0) ≃ −dT

dτ

1

4mT

∂

∂ϕ
2v2(pT) cos 2ϕ

=
dT

dτ

1

mT
v2(pT) sin 2ϕ (11)

In the rest frame of the particle, the longitudinal polar-
ization vector P ∗

z can be calculated from the longitudinal
mean spin vector S∗

z by using the relation,

P ∗
z = 2S∗

z (12)

At the midrapidity, S∗
z = Sz.

The Eq. (11) implies that longitudinal polarization
can be estimated with the help of temperature cooling
rate and elliptic flow of the medium. In this study, the
second-order anisotropic flow coefficient (elliptic flow)
is obtained using ECHO-QGP, EPOS4 and the AMPT
model. The hydrodynamic temperature evolution is
obtained using the (3+1)D relativistic hydrodynamic
model. In peripheral heavy-ion collisions, the initial
spatial anisotropy of the overlap region is converted into
an anisotropic azimuthal distribution in the momentum
space of the final state particles. This anisotropy can be
characterized in terms of Fourier coefficients;

v2 ≡< cos[2(ϕ−Ψ2)] > (13)

where Ψ2 is the azimuthal angle of the event plane
for the second-order harmonics. In this work, event by
event elliptic flow coefficient is obtained using the event
plane method [57].

A brief description of ECHO-QGP, EPOS4 and AMPT
models and event generation using these models is pro-
vided in section III.

III. EVENT GENERATION AND
DESCRIPTION OF THE MODEL

Computational frameworks based on the modeling of
theoretical physics with some approximation are com-
monly called “event generators”. These event genera-
tors play a crucial role in comprehending the physics of
ultra-relativistic A−A, p−A, and p− p collisions. At the
fundamental level, these essential computational tools fa-
cilitate the connection between theoretical models and
experimental data. As mentioned, the present study
uses ECHO-QGP, EPOS4, and AMPT event generators

to estimate longitudinal polarization at ultra-relativistic
heavy-ion collisions using elliptic flow and azimuthal an-
gle of emitted particles. A brief introduction about these
generators is provided in this section for completeness.

A. ECHO-QGP

ECHO-QGP is a relativistic hydrodynamic model
used to study the dynamics of heavy-ion collisions.
Here, we have used the setup of the ECHO-QGP with
Israel-Stewart (IS) based (3+1)-D viscous hydrodynam-
ics model along Bjorken coordinates. In this study, we
consider both shear and bulk viscosity to be finite, and
these two viscosities are related to the squared speed of
sound. The value of shear viscosity to entropy density
ratio is mentioned in Table I. The initial conditions are
obtained from the geometric Glauber model based on the
energy density parameter. The parameters used to esti-
mate the flow coefficients and, hence, the polarization
in ECHO-QGP are discussed in Table I. The equation
of state (EOS) of the system is a must to solve hydro-
dynamic equations. Although ECHO-QGP uses various
EOS to describe the hydrodynamic evolution of the sys-
tem, however in our study, we used the most realistic par-
tial chemically equilibrium (PCE) EOS, which includes
the comprehensive chemical composition of the hadronic
species before the kinetic freeze-out. The freeze-out pro-
cedure is based on the Cooper-Frye formalism. The
ECHO-QGP succeeded in explaining the transverse mo-
mentum spectra and anisotropic flow coefficients (mostly
the elliptic flow) in central and mid- central collisions in
the pT range up to 1.5 - 2.0 GeV/c for the produced
hadrons [58, 59]. The detailed description and formalism
implemented in the model can be found in Ref [60]. The
present study considers that hydrodynamic evolution oc-
curs in a baryon-free region, it also neglects all possible
electromagnetic effects and other possible fluctuations in
the medium.

B. EPOS4

The EPOS4 is an updated version of the Monte-Carlo
event generator named EPOS [61, 62]. EPOS4 is
developed with an array of unbiased parallel multiple-
scattering formalisms. It incorporates the classical
Gribov-Regge framework and the modern Dokshitzer-
Gribov-Lipatov-Altarelli-Parisi (DGLAP) formalism.
This amalgamation captures the parallel scattering
within the S-matrix theory and characterizes the pertur-
bative approach and saturation effects. Further, EPOS4
reproduces the perfect factorization and binary scaling
in AA collisions by simultaneously considering the
rigorous parallel scattering, energy-momentum sharing,
AGK theorem, and factorization for hard processes by
introducing saturation. In its description of hadroniza-
tion, EPOS4 adopts a core-corona paradigm, where
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the high string density core hadronizes statistically
while the low string density corona uses Lund string
fragmentation [62]. The mechanism of the core-corona
approach, which starts after some initial time τ0 = 0.4
fm/c, has been discussed in detail in Ref. [63]. The hot
and dense QCD matter with low-pT pre-hadrons, the
“core”, evolves with the (3+1)D viscous hydrodynamics
using vHILL [64]. It employs a straightforward crossover
EOS calibrated with lattice QCD data [61]. Based on
the micro-canonical approach, as the system expands
and cools down, it reaches the hadronization point
at energy density ϵH ≈ 0.57 GeV/fm3. Meanwhile,
pre-hadrons with high-pT traverse through the core and
form the “corona”. However, these may still re-interact
with the core hadrons through hadronic scatterings.
The succeeding interactions between the formed hadrons
are incorporated by employing the UrQMD as an
after-burner. We have simulated a minimum bias of 2
×106 events for Pb+Pb collisions at

√
sNN = 5.02 TeV,

and 6 ×106 events for Au+Au collisions at
√
sNN = 200

GeV using EPOS4.

C. AMPT

A multi-phase transport model (AMPT) is a com-
prehensive approach that combines both initial partonic
collisions and final hadronic interactions, effectively ac-
counting for the transition between these distinct phases
of matter. It is divided into four major components: first,
the initialization of collisions is processed through the HI-
JING model [65], parton transport is executed using the
Zhang Parton Cascade (ZPC) model [66], hadronization
is based on the quark coalescence mechanism in string
melting mode [67], and at last, hadron transport is con-
ducted through a relativistic transport model (ART). De-
tailed descriptions of these models and their components
are given in Ref. [68]. In the present study, we employ
the string melting mode of AMPT for event generation
as it effectively explains the anisotropic flow and parti-
cle spectra in the intermediate-pT region, aligning with
predictions provided by quark coalescence mechanism for
hadronization [69–71]. To calculate the elliptic flow using
AMPT, we adopted the averaged initial state from the
Monte Carlo Glauber model, with parameters specified
in Ref. [73]. The AMPT settings utilized are consistent
with those reported in Refs. [72] for heavy-ion collisions
at LHC and RHIC energies. For our purpose, we gener-
ated 2 ×106 minimum bias events for Pb+Pb collisions
at

√
sNN = 5.02 TeV, and 6 ×106 events for Au+Au col-

lisions at
√
sNN = 200 GeV, employing identical settings

within the AMPT framework.

IV. RESULTS AND DISCUSSION

In this work, we estimate the longitudinal polar-
ization vector (Pz) of Λ (Λ̄) hyperons as a function

of centrality and transverse momentum (pT) using
Eq. 12. The longitudinal polarization depends on the
decoupling hypersurface temperature, temperature
gradient at hadronization, second-order anisotropic
flow co-efficient (i.e., the elliptic flow), mass, and the
sine of the azimuthal angular distribution of emitted
Λ (Λ̄) hyperons. We use a realistic 3+1 D viscous
hydrodynamic ECHO-QGP, EPOS4, and a hybrid
transport AMPT model to simulate heavy-ion collisions.
Using these models, we obtain the elliptic flow and
the azimuthal angle of emitted Λ (Λ̄) hyperons. The
hydrodynamic temperature evolution at hadronization is
obtained from the ECHO-QGP. In EPOS4, the elliptic
flow coefficient is obtained using Eq 13. However,
in AMPT and ECHO-QGP, there is a provision for
making the reaction plane angle Ψ2 = 0, although it
is nontrivial in experiments. Thus, one can obtain the
elliptic flow coefficients as v2 =< cos 2ϕ >, here, the
average is taken over all Λ produced in an event. The
term sin2ϕ in Eq. 11 is calculated by taking the sine of
the average over all azimuthal angles carried by the Λ
hyperons produced in an event. The choice of centrality
selection in the ECHO-QGP model is obtained for fixed
impact parameter values based on Monte-Carlo Glauber
model estimation [73]. However, for EPOS4 and AMPT
models, the centrality selection is performed with the
geometrical slicing of the impact parameter distribution.

The centrality dependence of Pz for Λ-hyperons
obtained from hydrodynamic and transport models is
shown in Fig. 1 for pT range 0.15 < pT < 3.0 GeV/c
in Au+Au collisions at

√
sNN = 200 GeV and Pb+Pb

collisions at
√
sNN = 5.02 TeV. The Pz obtained

from these models is compared with the correspond-
ing experimental data for Au+Au

√
s = 200 GeV at

STAR [15] and Pb+Pb
√
s = 5.02 TeV at ALICE [17].

It is noteworthy to mention that in the experimental
data, the longitudinal polarization is characterized by
the second harmonic sine component in the Fourier
decomposition of the polarization along the beam
direction as a function of particle azimuthal angle (ϕ)
relative to the elliptic flow plane Ψ2. It is evaluated as
Pz,s2 =< Pz sin [2(ϕ−Ψ2)] >.

Figure 1 indicates a centrality dependence of lon-
gitudinal polarization for Λ (Λ̄) hyperons in Au+Au
and Pb+Pb collisions at relativistic energies. It is
observed that the magnitude of longitudinal polarization
increases from most-central to mid-central collisions, and
it tends to decrease towards peripheral collisions. The
observed increase in signal with decreasing centrality
can be attributed to the rising contributions of elliptic
flow in peripheral collisions. In most central collisions,
the polarization seems to disappear, whereas in such
collisions, the elliptic flow might be significant due to
the initial density fluctuations. We found that the trend
of longitudinal polarization obtained from ECHO-QGP,
EPOS4, and AMPT models is in qualitative agreement
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TABLE I: Parameter set used within the ECHO-QGP freeze-out routine.

System
√
sNN (GeV) σNN (mb) τ0 (fm/c) e0 (GeV/fm)3 α η/s τπ ∆η ση Tfreeze (GeV)

Au+Au 200 40 0.6 24.5 1.0 0.1 3.0 3.0 1.0 0.120
Pb+Pb 5020 70 0.4 60.0 1.0 0.1 3.0 3.0 1.0 0.120

with the experimental data on longitudinal polarization
as a function of centrality. However, there is a ten-times
magnitude difference between the experimental data
and the prediction of ECHO-QGP, EPOS4, and AMPT
models, which can be seen in Fig. 1. ECHO-QGP pre-
dicts a slightly higher value of Pz in top (0-30)% central
Au+Au collisions at

√
sNN = 200 GeV compared to the

Pb+Pb collision at
√
sNN = 5.02 TeV. Furthermore,

around (30-50)% mid-central collisions, the degree of
longitudinal polarization obtained from the ECHO-QGP
model dominates for Pb+Pb collisions compared to the
Au+Au collisions. The AMPT model predicts a slightly
higher value of Pz for Pb+Pb,

√
sNN = 5.02 TeV as

compared with the Au+Au,
√
sNN = 200 GeV for all

centrality classes. The trend of longitudinal polarization
with centrality for EPOS4 is the same as AMPT, though
both are based on different formulations. The AMPT
and EPSO4 results show the

√
sNN dependence for Pz

of Λ and Λ̄. However, ECHO-QGP results for the Pz

of Λ and Λ̄ are inconclusive with
√
sNN dependence.

The small variations between the hydrodynamic and
transport models arise due to different evolution and
hadronization processes considered in these models.
Here, we have also observed that the magnitude of the
collision center of the mass-energy dependence of elliptic
flow-induced polarization along the beam direction is
weak as compared to the global spin polarization given
in Ref. [1].

Since the elliptic flow depends on the centrality and pT,
the polarization along the beam direction also exhibits
the pT dependence. Figure 2 depicts, the pT dependence
of Pz for Λ and Λ̄ hyperons obtained from ECHO-QGP,
EPOS4 and AMPT models in Au+Au collisions at

√
sNN

= 200 GeV and Pb+Pb collisions at
√
sNN = 5.02 TeV

for (30-50)% centrality bin. The pT dependence Pz ob-
tained from these models is compared with the corre-
sponding experimental data for Au+Au collisions at

√
s

= 200 GeV at STAR [15] for (20-60)% centrality class
and Pb+Pb collisions at

√
s = 5.02 TeV at ALICE [17]

for (30-50)% centrality class. In the present study, the
collision centrality class is chosen according to the AL-
ICE measurement to investigate the pT dependence of
Pz. Figure 2 indicates a pT dependence of the elliptic
flow-induced polarization for Λ (Λ̄) hyperons in (30-50)%
centrality bin. It is observed that the longitudinal po-
larization increases for pT ≲ 2.0 GeV/c and decreases
towards pT ≳ 2.0 GeV/c for ECHO-QGP. Further, the
ECHO-QGP predicts the negative longitudinal polariza-
tion at low pT for Pb+Pb collisions. Because the elliptic

0 10 20 30 40 50
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0.05−

0

0.05
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)Λ + Λ 0.1 (×ALICE 
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NN

sAu+Au 

)Λ + Λ 0.1 (×STAR 

FIG. 1: (Color online) The longitudinal component of Λ
and Λ̄ polarization (Pz) as a function of collision

centrality obtained from ECHO-QGP, EPOS4, and
AMPT model simulation for

√
sNN = 5.02 TeV and√

sNN = 200 GeV in Pb+Pb and Au+Au collisions,
respectively. The obtained results are compared with
STAR and ALICE measurements taken from Ref. [15]

and Ref. [17], respectively.

flow obtained from ECHO-QGP has negative values for Λ
(Λ̄) hyperons at low−pT. While, for AMPT, Pz increases
with pT, and this increasing trend of beam-induced po-
larization as a function of pT is due to the elliptic flow
behavior obtained from the AMPT. For EPOS4, Pz ex-
hibits a non-monotonic behavior for Λ (Λ̄) hyperons with
pT.

V. SUMMARY

In summary, we estimate the longitudinal component
of polarization for Λ and Λ̄ hyperons in Au+Au col-
lisions at

√
sNN = 200 GeV and Pb+Pb collisions at√

sNN = 5.02 TeV. We use a 3+1 D relativistic viscous
hydrodynamic models such as ECHO-QGP, EPOS4,
and a hybrid transport AMPT model to investigate
the polarization along the beam direction. We obtain
the longitudinal polarization from the elliptic flow
coefficients in a longitudinal boost scenario with no
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FIG. 2: (Color online) The longitudinal component of Λ
and Λ̄ polarization (Pz) as a function of transverse

momentum (pT) obtained from ECHO-QGP, EPOS4,
and AMPT model simulation for

√
sNN = 5.02 TeV

and
√
sNN = 200 GeV in Pb+Pb and Au+Au

collisions, respectively. The obtained results are
compared with STAR and ALICE measurements taken

from Ref. [15] and Ref. [17], respectively.

initial state fluctuations. We assume the spin degrees
of freedom are in local thermodynamic equilibrium with
the ideal fluid. This study is sensitive to the chosen
initial conditions for the hydrodynamic and transport
models simulation and the temperature gradient at
the decoupling stage. The results show a centrality
dependence of longitudinal polarization with increasing
magnitude from most-central to mid-central collisions,
which tends to decrease towards peripheral collisions.
We observe a transverse momentum dependence of
longitudinal polarization in both systems at relativistic
energies. It is observed that the longitudinal polar-
ization increases with pT ≲ 2.0 GeV/c and seems to
decrease towards pT ≳ 2.0 GeV/c. We found that the
hydrodynamic and transport model predicts the value of
longitudinal polarization an order of magnitude less than
the experimental data. The disagreement between these
phenomenological models and experimental data may
indicate an intense investigation of the possible sources
responsible for the local polarization of Λ hyperons from
the theoretical aspects.

The longitudinal polarization obtained in this study
is due to the second-order anisotropic flow coefficients
showing the quadrupole structure of the vorticity field
in the transverse plane. However, the higher-order

anisotropic flow harmonics also have similar vorticity
structures in the transverse plane and contribute to
the longitudinal polarization. Recently, the STAR Col-
laboration reported such observation in Ref. [18]. The
sine modulation of Pz relative to the third-order event
plane exhibits a sextupole pattern of vorticity induced
by triangular flow in isobar collisions. Apart from these,
there could be various other factors that affect the local
spin polarization of Λ hyperons. Such as the feed-down
of higher excited states and considering particle spin
as an independent degree of freedom in each stage of
the relativistic spin magneto-hydrodynamic framework
may provide a comprehensive understanding of the local
polarization.

More insightful investigations are required to compre-
hensively understand the global and/or local quark spin
polarization in the QGP medium. These studies may
comprise the spin-transfer mechanism at the hadroniza-
tion stage, the relaxation time required to convert the
vorticity to particle polarization, the effect of hadronic
rescattering on the spin polarization, etc. With the cur-
rent Run 3 high statistics data samples of ALICE, more
differential and precision measurements can be performed
on the local and global polarization of single and multi-
strange baryons. With the precise vertexing and low pT
measurement capabilities for heavy flavor hadrons in Run
3 of ALICE, it would be interesting to investigate the
global and local polarization dynamics of heavy flavor
hadrons. This may reveal some of the open questions,
such as: (i) Are the heavy flavor hadrons thermalized
with the medium? (ii) Is the polarization achieved at the
quark-gluon plasma phase or the hadronic phase? (iii)
Does the hadron polarization depend upon the quantum
number of the constituent quark species?
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