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We study the directed flow of identified particles in Au+Au collisions at
√

sNN = 7.7 to 62.4 GeV. The
Glauber model is extended to include both a tilted deformation of the QGP fireball with respect to the longitudinal
direction and a non-zero longitudinal flow velocity gradient in the initial state. By combining this improved
initial condition with a (3+1)-dimensional viscous hydrodynamic model calculation, we obtain a satisfactory
description of the transverse momentum spectra and the rapidity dependent directed flow coefficient of different
hadron species. Our calculation indicates the sensitivity of the hadron directed flow, especially its splitting
between protons and antiprotons, to both the initial geometry and the initial longitudinal flow velocity. Therefore,
the combination of directed flow of different hadrons can provide a tight constraint on the initial condition of
nuclear matter created in heavy-ion collisions. The initial condition extracted from the directed flow is further
tested with the global polarization of � and �̄ within the same theoretical framework, where we obtain a
reasonable description of these hyperon polarization observed at different collision energies at RHIC.
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I. INTRODUCTION

A new state of strongly coupled nuclear matter, known
as the quark-gluon plasma (QGP), is created in relativistic
heavy-ion collisions at the BNL Relativistic Heavy-Ion Col-
lider (RHIC) and the CERN Large Hadron Collider (LHC)
[1–8]. Lattice QCD calculations suggest that the transition
from hadronic matter to the QGP is a smooth crossover at
zero baryon density [9]. Whether one may obtain a first-order
phase transition at finite baryon density by creating com-
pressed baryonic matter (CBM) is still an open question [10].
A first-order transition indicates the existence of a “softest
point” in the equation of state (EoS), which may leave a signa-
ture in the final state observables such as the transverse collec-
tive flow of hadrons [11]. To search for the first-order phase
transition, various CBM experiments have been constructed
to investigate the QCD phase diagram at high baryon density,
such as the Beam Energy Scan (BES) experiment at RHIC
[12], as well as experiments at the Nuclotron-based Ion Col-
lider fAcility (NICA) [13], the Japan Proton Accelerator Re-
search Complex for Heavy Ions (JPARC-HI) [14], the Alter-
nating Gradient Synchrontron (AGS) [15,16] at BNL, and the
Facility for Antiproton and Ion Research (FAIR) [17]. Various
observables have been proposed to seek signals of the first-
order phase transition and locate the critical endpoint (CEP)
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in the QCD phase diagram, such as higher-order cumulants of
conserved charges [18], collective flow of emitted particles
[19–23], amplification of the light nuclei multiplicity ratio
[24], and even jet quenching in low energy collisions [25,26].

The first-order Fourier coefficient of the azimuthal distribu-
tion of particles, known as the rapidity-odd directed flow (v1)
[19,20,27–32], is among the most popular observables in ana-
lyzing the QGP properties, considering that they are sensitive
to the initial size and geometry of the nuclear matter produced
in energetic collisions [1,27,33–44]. Within hydrodynamic
models, the directed flow observed in heavy-ion experiments
can be understood with an expanding fireball from an initial
energy density that is asymmetric (tilted or shifted) with re-
spect to the beam axis. The related phenomenological model
calculations provide a reasonable description of the charged
particle v1 measured in Au+Au, Zr+Zr, Ru+Ru, and Pb+Pb
collisions [45–50]. However, with zero baryon density, the
splitting of v1 between baryons and antibaryons cannot be
explained by the deformed initial energy density distribu-
tion alone. It is a great challenge to quantitatively describe
the different directed flow coefficients between protons and
antiprotons measured at different collision energies in RHIC-
BES [19], NA49 [51], and E895 [16] experiments using
earlier hydrodynamic and transport models [39,52–56]. Re-
cently, this problem was investigated for Au+Au collisions
at the RHIC energies (7.7–200 GeV) by assuming that the
baryon density is also counterclockwise tilted [45] or with
specific baryon deposition [57–59] in the reaction plane with
respect to the longitudinal direction. Therefore, it is of great
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interest to further explore whether this proposal can also be
verified at other colliding energies, and whether the corre-
sponding initial geometry of nuclear matter is consistent with
other observables such as the global polarization of � and �

hyperons in heavy-ion collisions.
In this work, we investigate the splitting of directed flow

between protons and antiprotons in Au+Au collisions across
the BES energies (

√
sNN = 7.7–62.4 GeV) using the (3+1)-

dimensional [(3+1)-D] viscous hydrodynamic model CLVisc
[60–63]. The 3-D initial condition of the QGP is developed
from our earlier study [48] to further include the tilted de-
formation of the baryon density distribution [45] and the
longitudinal flow velocity gradient of the QGP beyond the
Bjorken approximation [49,50]. By combining this improved
initial condition and the CLVisc model, we are able to provide
a satisfactory description of the transverse momentum (pT)
spectra of identified hadrons (π+, K+, p, and p̄) in different
centrality classes of Au-Au collisions at the BES energies. We
further show that a simultaneous description of v1 of pions,
protons, and antiprotons relies on the initial geometry of both
the medium energy density and the baryon number density,
and also the initial longitudinal flow velocity profile. In the
end, the medium geometry and longitudinal flow constrained
from the rapidity (y) dependence of v1 is further tested by the
global polarization of hyperons, from which the correlation
between directed flow and global polarization can be inferred.

The rest of this paper is organized as follows. In Sec. II,
we will present our modified Glauber model for initializing
the QGP and the CLVisc hydrodynamic model simulation
of its further evolution. In Sec. III, we will calculate the
transverse momentum spectra, directed flow of identified par-
ticles, and global polarization of � and � hyperons measured
in relativistic heavy-ion collisions at the BES energies, and
investigate their dependence on the initial geometry and lon-
gitudinal flow of the QGP. In the end, we will summarize and
discuss necessary future developments in Sec. IV.

II. MODEL FRAMEWORK

A. Initial condition

We use a modified Glauber model to generate the initial
condition of the QGP fireball, which is tilted in the reaction
plane of nuclear collisions [47,48,64]. The nuclear thickness
function of an incoming nucleus is obtained using the Woods-
Saxon (WS) distribution of nucleons as

T (x, y) =
∫ ∞

−∞
dz

n0

1 + exp
( r−R0

d0

) , (1)

where n0 is the average nucleon density, r =
√

x2 + y2 + z2

is the radial position with x, y, z being the space coordinates,
d0 is the surface diffusiveness parameter, and R0 is the radius
parameter of the nucleus. For Au+Au collision systems at
the BES energies (7.7–62.4 GeV), the parameters are listed
in Table I.

For two nuclei moving along the beam direction (±ẑ) and
colliding with an impact parameter b, their corresponding
thickness functions can be expressed as

T+(xT) = T (xT − b/2), T−(xT) = T (xT + b/2), (2)

TABLE I. Parameters of the Woods-Saxon distribution for the
Au nucleus [65,66].

Nucleus n0 (1/fm3) R0 (fm) d0 (fm)

197
79 Au 0.17 6.38 0.535

where xT = (x, y) is the transverse plane coordinate. Ac-
cording to the Glauber model, the density distributions of
participant nucleons from the two nuclei are then

T1(xT) = T+(xT)

{
1 −

[
1 − σNN T−(xT)

A

]A
}

, (3)

T2(xT) = T−(xT)

{
1 −

[
1 − σNN T+(xT)

A

]A
}

, (4)

in which A is the mass number and σNN is the inelastic
nucleon-nucleon scattering cross section [65].

Noncentral collisions deposit energy into the QGP asym-
metrically along the longitudinal direction. As illustrated in
Fig. 1, a counterclockwise tilt of the medium profile is ex-
pected in the reaction plane [46]. This deformation can be
introduced into the initial condition of the QGP via a rapid-
ity dependent wounded (or participant) nucleon distribution
function as [47,48,67]

WN(x, y, ηs ) = T1(x, y) + T2(x, y)

+ Ht[T1(x, y) − T2(x, y)] tan

(
ηs

ηt

)
, (5)

where the parameter Ht reflects the overall strength of imbal-
ance between the forward and backward spacetime rapidities
(ηs), and the function tan(ηs/ηt ) models the rapidity depen-
dence of this imbalance. A fixed parameter ηt = 8.0 will be
used in the present study, which provides a reasonable descrip-
tion of the directed flow (v1) of charged particles in our earlier
work [48].

The total weight function W (x, y, ηs ) combines contribu-
tions from wounded nucleons and binary collisions as

W (x, y, ηs ) = (1 − α)WN(x, y, ηs ) + αnBC(x, y)

[(1 − α)WN(0, 0, 0) + αnBC(0, 0)]|b=0
, (6)

where nBC(x, y) = σNN T+(x, y)T−(x, y) is the number of bi-
nary (hard) collisions, and α = 0.05 is the collision hardness
parameter determined by the centrality (or b) dependence of
the soft hadron yield [61,65].

The energy density ε(x, y, ηs ) and the local baryon density
at the initial time then read [61,63]

ε(x, y, ηs ) = KW (x, y, ηs )H (ηs), (7)

n(x, y, ηs ) = 1

N
W (x, y, ηs )H (ηs)HB(ηs), (8)

in which the overall factor K is determined by the multiplicity
distribution (dNch/dη or dNch/dy) of soft hadrons, N is a
normalization factor constrained by the number of participant
nucleons, Npart.
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FIG. 1. Distributions of the initial energy density (upper row) and net baryon number density (lower row) on the ηs-x plane for 10–40%
Au+Au collisions at

√
sNN = 62.4, 27, and 7.7 GeV. The arrows (lime color) sketch propagation towards the forward and backward rapidity

directions.

In Eqs. (7) and (8), a function

H (ηs) = exp

[
− (|ηs| − ηw)2

2σ 2
η

θ (|ηs| − ηw)

]
(9)

is introduced to describe the plateau structure of the longi-
tudinal distribution of emitted hadrons, in which ηw controls
the width of the central rapidity plateau and ση determines the
width (speed) of the Gaussian decay outside the plateau region
[61]. Following the recent study Ref. [45], the longitudinal
dependence of the baryon density is also introduced into the
initial condition via

HB(ηs) = exp

[
− (ηs − ηn)2

2σ 2
n

]
+ exp

[
− (ηs + ηn)2

2σ 2
n

]
, (10)

where parameters ηn and σn are calibrated by the pT spectra of
protons and antiprotons. This phenomenological ansatz [45]
can be qualitatively justified in the string models of the initial
state [63,68,69], considering that the titled energy and baryon
density profiles originate from strings that connect valence
and sea quarks inside nuclei.

Since we aim at understanding the directed flow of soft
hadrons and the hyperon polarization within the same frame-
work, the latter of which is sensitive to the gradient of fluid
velocity in the longitudinal direction [70], it is necessary to
extend the initialization of fluid velocity beyond the Bjorken
approximation. Following Refs. [49,50,71], the longitudinal
fluid velocity at the initial proper time τ0 can be given by
vηs = T τηs/(T ττ + P) with P being the pressure, and the
energy-momentum tensor components read

T ττ = ε(x, y, ηs ) cosh(yL), (11)

T τηs = 1

τ0
ε(x, y, ηs ) sinh(yL), (12)

where the rapidity variable is parametrized with

yL ≡ fvyCM. (13)

Here, the center-of-mass rapidity yCM is related to the partici-
pant thickness function imbalance as

yCM = arctanh

[
T1 − T2

T1 + T2
tanh(ybeam)

]
, (14)

in which ybeam ≡ arccosh[
√

sNN/(2mN )] is the beam rapid-
ity with mN being the nucleon mass; and fv ∈ [0, 1] models
the fractional longitudinal momentum attributed to the corre-
sponding flow velocity. This fv parameter allows us to vary
the magnitude of the longitudinal flow velocity, which further
affects the slope of the directed flow with respect to rapidity
(dv1/dy) and the global polarization of hyperons. For fv = 0,
one has yL = 0, and the velocity field is reduced to the Bjorken
flow scenario [49]. The initial fluid velocities in transverse
directions are still set as 0 via T τx = T τy = 0, considering
that they have little impact on the observables we investigate
in this work.

In Table II, we summarize the parameters used for ini-
tializing the QGP produced at the BES energies. The first
four parameters (K , τ0, ση, and ηw) are adjusted according to
rapidity dependence of the charged particle yields (dNch/dy)
in the most central collisions at each colliding energy, and
the next two parameters (σn and ηn) are from the pT spectra
of protons and antiprotons. The last two parameters ( fv and
Ht) are determined by the directed flow of hadrons. Note that
since we include both the geometric tilt and the longitudinal
velocity in the initial QGP profile, values extracted for fv in
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TABLE II. Parameters for the three-dimensional optical Glauber
model of the initial condition of the QGP [49,63].

√
sNN (GeV) K τ0 (fm) ση (fm) ηw σn ηn fv Ht

62.4 11.8 1.0 0.3 2.25 1.34 2.7 0.18 10.0
39 8.25 1.3 0.3 1.9 1.13 2.1 0.22 13.0
27 7.40 1.4 0.3 1.6 1.06 1.8 0.23 13.5
19.6 5.60 1.8 0.3 1.3 0.85 1.5 0.24 15.5
14.5 3.90 2.2 0.3 1.15 0.81 1.4 0.24 18.0
11.5 3.05 2.4 0.3 1.16 0.79 1.22 0.25 22.0
7.7 2.50 2.6 0.3 0.9 0.70 1.05 0.26 28.0

this work can be different from those in Ref. [50] where only
the latter effect is taken into account.

Using these parametrizations, we first present in Fig. 1 the
distributions of the energy density (upper row) and net baryon
number density (lower row) at τ0 on the ηs-x plane for 10–
40% Au+Au collisions at three different colliding energies
(
√

sNN = 62.4, 27, 7.7 GeV). From the figure, one observes
that the energy and baryon densities are not only shifted
asymmetrically along the forward and backward rapidity di-
rections, but also tilted counterclockwise in the ηs-x plane.
Due to different parametrizations between Eq. (7) and Eq. (8),
the initial baryon density tends to be shifted towards larger
forward and backward rapidity regions than the energy distri-
bution. The asymmetric distribution of baryon density will in
the end affect the different abundance between protons and an-
tiprotons at different locations of the QGP fireball [45]. Since
a stronger drag on the participant nucleons from spectators is
expected at lower collisional energies, we obtain a stronger
tilt of the density profile and thus a larger Ht parameter at
lower energies. Meanwhile, a larger fractional longitudinal
momentum is deposited from the colliding beams into the
QGP at lower energies, as reflected by the increasing value of
fv as

√
sNN decreases. At very low energy (for

√
sNN = 11.5

and 7.7 GeV), we also need to assume the baryon density has a
stronger tilt than the energy density by applying 1.2Ht for the
former, in order to improve our phenomenological description
of the proton v1. This might result from effects of the phase
transition [39,53,54,56], emission of the spectator matter [42],
and the electromagnetic field [72] that have not been taken
into account in our present work.

B. Hydrodynamic evolution

Starting with the initial condition constructed in the pre-
vious subsection, we utilize a (3+1)-D viscous hydrodynamic
model CLVisc [60–63] to simulate the subsequent evolution of
the QGP medium. The hydrodynamic equations read [73–77]

∇μT μν = 0, (15)

∇μJμ = 0, (16)

where the energy-momentum tensor T μν and the net baryon
current Jμ are defined as

T μν = εU μU ν − P�μν + πμν, (17)

Jμ = nU μ + V μ, (18)

with ε, P, n, uμ, πμν , and V μ being the local energy den-
sity, pressure, net baryon density, flow velocity field, shear
stress tensor, and baryon diffusion current respectively. The
projection tensor is given by �μν = gμν − uμuν , with gμν =
diag(1,−1,−1,−1) being the metric tensor. Effects of the
bulk viscosity are not included in the present study yet
[49,63,68,78,79].

Based on the Israel-Stewart second-order hydrodynamic
expansion, the dissipative currents πμν and V μ are expressed
as follows [79]:

�
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,

(19)

where θ = ∂ · u is the expansion rate, σμν = ∂<μuν> is the
shear tensor, and ηv and κB are the shear viscosity and
baryon diffusion coefficient. For an arbitrary tensor Aμν , its
traceless symmetric part is given by A<μν> = 1

2 [(�μα�νβ +
�να�μβ ) − 2

3�μν�αβ]Aαβ [63].
In hydrodynamic simulation, the specific shear viscosity

Cηv and the baryon diffusion coefficient κB are treated as
model parameters, which are related to ηv and CB as

Cηv = ηvT

e + P
, (20)

κB = CB

T
n

[
1

3
cot

(μB

T

)
− nT

e + P

]
, (21)

where μB stands for the baryon chemical potential. They
connect to the relaxation times as

τπ = 5Cηv

T
, τV = CB

T
. (22)

In this work, we set Cηv = 0.08 and CB = 0.4 for all collision
energies.

The hydrodynamic equations are then solved together with
the NEOS-BQS equation of state (EOS) [80,81], which is
based on the lattice QCD calculation at high temperature and
vanishing net baryon density and then extended to finite net
baryon density according to the Taylor expansion method
[80,81]. It connects the QGP and hadron phases with a smooth
crossover under the strangeness neutrality (nS = 0) and the
electric charge density nQ = 0.4nB conditions.

C. Particlization

The isothermal freeze-out condition [61] is applied in our
study, with the freeze-out hypersurface determined by a con-
stant freeze-out energy density (efrz = 0.4 GeV/fm3) [63]. On
this hypersurface, the Cooper-Frye formalism is implemented
to obtain the momentum distribution of hadrons:

dN

pTd pTdφ dy
= gi

(2π )3

∫
�

pμd�μ feq(1 + δ fπ + δ fV ). (23)
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In the above equation, gi is the spin-color degeneracy factor
for identified hadrons, and d�μ is the hypersurface element
determined by the projection method [61]. The thermal dis-
tribution ( feq) and its out-of-equilibrium corrections (δ fπ and
δ fV ) are given by

feq = 1

exp[(pμU μ − BμB)/Tf] ∓ 1
, (24)

δ fπ (x, p) = [1 ± f eq(x, p)]
pμ pνπ

μν

2T 2
f (e + P)

, (25)

δ fV (x, p) = [1 ± f eq(x, p)]

(
nB

e + P
− B

U μ pμ

)
pμVμ

κB/τV
, (26)

where Tf is the chemical freeze-out temperature and B rep-
resents the baryon number of an identified hadron. The
out-of-equilibrium corrections above are derived from the
Boltzmann equation via the relaxation time approximation
[82]. Contributions from resonance decay have been taken
into account in this work based on Ref. [61], although
hadronic scatterings after the QGP phase has not been in-
cluded yet.

III. NUMERICAL RESULTS

In this section, we present our numerical results on light
hadrons in Au+Au collisions at the BES energies using the
(3+1)D CLVisc hydrodynamics model with finite net baryon
density and the tilted initial condition. We first present the
transverse momentum spectra of identified particles π+, K+,
p, and p̄ in Sec. III A. Then, we study the rapidity dependence
of the directed flow of π+, p, and p̄ in Sec. III B. The relation
between the slope of v1 vs y and two competing effects—the
tilt of the fireball (Ht) and the fractional longitudinal mo-
mentum transferred into the initial flow velocity ( fv)—are
investigated in Sec. III C. In the end, we verify the initial
condition constrained from the directed flow by reproducing
the global polarization of � and �̄ hyperons in Sec. III D
within the same theoretical framework.

A. Identified particle spectra

We start with validating our model setup by comparing the
transverse momentum spectra of the identified light hadrons
between our calculation and the STAR data [25] in Fig. 2.
As discussed in Sec. II A, the first six model parameters
summarized in Table II are adjusted to describe the rapid-
ity dependence of charged particle yields (dNch/dy) and the
pT spectra of proton (antiproton) yield in the most central
collisions at each colliding energy. With these parameters,
the combination of our initial condition and hydrodynamic
evolution is able to provide a reasonable description of the
pT spectra of different species of identified particles (π+, K+,
p, and p̄) across different centrality bins at these colliding
energies. This implies the success of this model setup in
describing the bulk evolution of the nuclear matter produced
by heavy-ion collisions at the BES energies. More detailed
discussions on pT spectra of identified particles, such as their
mean pT, can be found in Ref. [63], which provides an insight
into the radial flow of the QGP medium. This offers a reliable

baseline for our further study of the directed flow coefficient
and global polarization.

The last two parameters in Table II ( fv and Ht) cannot be
determined yet, because they control the initial velocity and
deformed geometry of the QGP medium, and are insensitive
to the integrated particle spectra over the azimuthal angle
[45–50,63]. In other words, varying these two parameters
according to the directed flow coefficient later will have little
impact on the hadron spectra presented in this subsection.

B. Directed flow coefficients of π+, p, and p̄

In this subsection, we study the directed flow coefficients
of π+, p, and p̄ in 10–40% Au+Au collisions at the BES ener-
gies (7.7–62.4 GeV). As the first-order Fourier component of
the azimuthal angle distribution, the directed flow coefficient
at a given rapidity can be calculated as

v1(y) = 〈cos(φ − �1)〉 =
∫

cos(φ − �1) dN
dy dφ

dφ∫
dN

dy dφ
dφ

, (27)

where �1 is the first-order event plane angle of a nucleus-
nucleus collision. Since we use a smooth initial condition for
the energy density and baryon number density distributions,
event-by-event fluctuations are ignored in the present work.
Therefore, the event plane here is the same as the spectator
plane characterized by the deflected neutrons in experimental
measurements. Effects of the initial-state fluctuations on the
final-state hadron v1 will be left for our future exploration.

Shown in Fig. 3 is the directed flow of π+ as a function
of rapidity in 10–40% Au+Au collisions at the BES energies.
Here, v1 is analyzed using soft hadrons within 0 < pT < 3.0
GeV. One can see that our calculation provides a reasonable
description of the pion v1(y) around midrapidity (y ∈ [−1, 1])
observed at by the STAR Collaboraton [19]. In this work,
the directed flow is contributed by two mechanisms: the lon-
gitudinally tilted geometry of the QGP medium [Eq. (5)],
as discussed in Ref. [47], and the nonzero initial gradient
of the longitudinal flow velocity along the direction of the
impact parameter (∂vz/∂x) [Eqs. (11)–(14)], as proposed in
Refs. [49,50,71]. Detailed discussions on how these two ef-
fects contribute to the hadron v1 and how their corresponding
model parameters (Ht and fv) are adjusted will be presented
later in Sec. III C. In the last two panels for

√
sNN = 11.5

and 7.7 GeV, we also present calculations using a larger tilt
parameter (1.2Ht) for the initial baryon number density distri-
bution. As expected, the pion v1 is not sensitive to this baryon
distribution.

In Fig. 4, we further study the rapidity dependence of v1

for protons and antiprotons in 10–40% Au+Au collisions at
the BES energies. And for a more clear display of this rapidity
dependence, its slope is extracted in Fig. 5 around midrapidity
(y ∈ [−0.5, 0.5]) as a function of the colliding energy. Consis-
tent with the findings of Ref. [45], extending the tilted initial
geometry from energy density to baryon number density leads
to a separation of v1 between protons and antiprotons. Within
our model, using the same Ht parameter is able to provide a
good description of the experiment data when the colliding en-
ergy is not very low. However, at

√
sNN = 11.5 and 7.7 GeV,
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FIG. 2. The transverse momentum spectra of identified charged hadrons (π+, K+, p and p̄) at mid-rapidity (|y| < 0.25) in different
centrality classes of Au+Au collisions at

√
sNN = 7.7, 14.5, 19.6, 27, 39 and 62.4 GeV, compared to the STAR data [25].

this minimal assumption seems insufficient. A slightly larger
value of Ht for baryon number density than for energy density
is required to generate the increasing trend of proton v1 with
respect to y, as well as the splitting between protons and
antiprotons observed at very low energies. This larger value of
Ht for the baryon density than the overall QGP medium might
result from the possible phase transition in the preequilibrium
stage [56], the strong electromagnetic field [72], and hadronic
scatterings [63].

As shown in Fig. 5, with the increase of colliding energy,
the splitting of v1 between protons and antiprotons becomes

smaller. This can be understood with the weaker tilt of the
baryon number density distribution and the slower longitu-
dinal flow velocity in higher energy collisions, and can be
confirmed by the increasing values of Ht and fv extracted
in Table II as

√
sNN becomes smaller. Our calculation in-

dicates the essential role of the geometric distribution of
the baryon number density in producing the baryon and an-
tibaryon v1. It also suggests the necessity of utilizing pions
and protons (antiprotons) together to simultaneously con-
strain both the medium geometry and its longitudinal flow
profile.

034904-6



DIRECTED FLOW AND GLOBAL POLARIZATION IN … PHYSICAL REVIEW C 107, 034904 (2023)

FIG. 3. Rapidity dependence of the directed flow coefficient of π+ in 10-40% Au+Au collisions at the BES energies, compared between
our model calculation and the STAR data [19].

C. Dependence of dv1/dy on the medium geometry
and the longitudinal flow velocity

Both the tilted QGP profile and the longitudinal flow ve-
locity gradient contribute to the directed flow of hadrons in
heavy-ion collisions. In this subsection, we investigate how
these two effects compete with each other and illustrate how

the two parameters Ht and fv are determined in our model
calculation.

In the upper panel of Fig. 6, we show the slope of the
directed flow coefficient dv1/dy around midrapidity for π+,
proton, and antiproton as a function of the Ht parameter in
10–40% Au+Au collisions at

√
sNN = 27 GeV, while fv is

FIG. 4. Rapidity dependence of the directed flow coefficient of protons and antiprotons in 10–40% Au+Au collisions at the BES energies,
compared between our model calculation and the STAR data [19].
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FIG. 5. The slope of the rapidity dependence of the directed flow
coefficients of pions, protons, and antiprotons as functions of the
colliding energy in 10–40% Au+Au collisions. Results from our
model calculation are compared to the STAR [19] and NA49 [51]
data. Here, 1.2Ht is applied to the baryon number density distribution
at

√
sNN = 11.5 and 7.7 GeV.

FIG. 6. Upper panel: the slope of the directed flow coefficient
dv1/dy as a function of the tilt parameter Ht when fv is fixed, in
10–40% Au+Au collisions at

√
sNN = 27 GeV. Lower panel: the

slope of the directed flow coefficient as a function of the longitudinal
rapidity fraction parameter fv when Ht is fixed. The experimental
data are from the STAR Collaboration [19].

fixed at 0.23. When the longitudinal velocity profile is fixed,
we observe the increase of Ht from 0 to 23 leads to a decrease
of the slope from positive to negative values for pions and
antiprotons. In other words, with finite initial longitudinal
flow velocity, the v1 of pions and antiprotons are positive
(negative) in the forward (backward) rapidity region when Ht

is small, but flip when Ht is large. Since pions and antiprotons
are mainly composed of partons newly produced by nuclear
collisions, their v1 both follow the energy density distribu-
tion of the QGP. On the other hand, protons carry baryons
deposited by the beam nuclei and therefore their v1 is signifi-
cantly affected by the distribution of the initial baryon number
density and shows different features compared to pions and
antiprotons.

In the lower panel of Fig. 6, we show the slope of v1(y) as
a function fv when Ht is fixed at 13.5. Compared to Fig. 6, we
observe different dependences of dv1/dy on the medium de-
formation and its longitudinal flow velocity. While the slopes
of pions and antiprotons decrease as the medium becomes
more tilted (or Ht increases), the opposite is seen when the
longitudinal flow velocity (or fv) increases.

Figure 6 suggests the sensitivity of the slope of v1(y) to
both the medium geometry and its longitudinal flow profile
in the initial state. Here, Ht = 13.5 and fv = 0.23 provide the
best simultaneous description of the v1 of pions, protons, and
antiprotons at

√
sNN = 27 GeV. Values of these two parame-

ters at other collision energies are constrained in the same way
in our work.

D. Global polarization

Apart from the directed flow, the longitudinal flow velocity
gradient can also induce polarization of constituent partons in-
side the QGP via the spin-orbit coupling [50,71,83–89]. It has
also been found in Ref. [70] that the global polarization can be
affected by the initial geometry of the QGP medium when the
same initial longitudinal velocity field is applied. Therefore,
due to their similar origins, directed flow and global polariza-
tion should be correlated with each other. This correlation was
recently investigated in Refs. [50,90]. In this subsection, using
the same model setup as previously implemented for studying
the hadron v1, we further explore the global polarization of �

and � in heavy-ion collisions.
We assume quarks have reached local thermal equilib-

rium on their freeze-out hypersurface. Meanwhile, the spin
of quarks or hadrons are not modified during particlization
and resonance decay [63,89,91,92]. Then, the polarization
pseudo vector for spin 1/2 fermions can be obtained using
the modified Cooper-Frye formalism as [93,94],

Sμ(p) =
∫

d� · pJ μ

5 (p, X )

2m
∫

d� · N (p, X )
, (28)

where J μ

5 is the axial charge current density and N μ(p, X ) is
the number density of fermions in the phase space. Following
the quantum kinetic theory [91,92,95], Sμ(p) can be decom-
posed into different sources,

Sμ(p) = Sμ

thermal(p) + Sμ

shear(p) + Sμ
accT(p)

+Sμ

chemical(p) + Sμ
EB(p), (29)
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where

Sμ

thermal(p) =
∫

d�σ Fσ εμναβ pν∂α

uβ

T
,

Sμ

shear(p) =
∫

d�σ Fσ

εμναβ pνuβ

(u · p)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

(u · p)
εμναβ pαuβ∂ν

μ

T
,

Sμ
EB(p) = 2

∫
d�σ Fσ

[
εμναβ pαuβEν

(u · p)T
+ Bμ

T

]
, (30)

with

Fμ = h̄

8m��(p)
pμ feq(1 − feq),

�(p) =
∫

d�μ pμ feq. (31)

The five terms in Eq. (30) represent polarization induced by
the thermal vorticity (Sμ

thermal), the shear tensor (Sμ

shear), the
fluid acceleration minus temperature gradient (Sμ

accT), the gra-
dient of chemical potential over temperature (Sμ

chemical), and
the external electromagnetic field (Sμ

EB), respectively. Detailed
expressions of these terms can be found in Refs. [63,91,92,95]
or derived from the statistic model [96,97] and the Kubo
formula [98–101]. Here, Sμ

shear and Sμ

chemical are also named the
shear-induced polarization (SIP) and the baryonic spin Hall
effect (SHE) in literature. Since the electromagnetic field de-
cay rapidly in heavy-ion collisions, the Sμ

EB term is neglected
in our current work.

The average polarization vector in the rest frame of � (or
�̄) is then given by


P∗(p) = 
P(p) − 
P(p) · 
p
p0(p0 + m)


p, (32)

where

Pμ(p) ≡ 1

s
Sμ(p), (33)

with s = 1/2 being the spin of the particle. After averaging
over the transverse momentum, one obtains the local polar-
ization as

〈 
P(φp)〉 =
∫ ymax

ymin
dy

∫ pTmax

pTmin
pTd pT[�(p) 
P∗(p)]∫ ymax

ymin
dy

∫ pTmax

pTmin
pTd pT�(p)

, (34)

in which φp is the azimuthal angle, and �(p) is an integration
on the freeze-out hypersurface defined in Eq. (31). In the
present study, the mass of � (or �) is set as m = 1.116 GeV,
and the kinematic regions for analyzing the hyperon polariza-
tion are pT ∈ [0.5 GeV, 3.0 GeV] and y ∈ [−1, 1]. Finally,
the global polarization of � and � is obtained by further
averaging 
P∗(p) over φp in Eq. (34).

Shown in Fig. 7 is the global polarization of � and �̄

hyperons along the out-of-plane direction as a function of
the collision energy in 20–50% Au+Au collisions. Using the

FIG. 7. The global polarization of � and � as a function of
the collision energy in 20–50% Au+Au collisions, analyzed within
pT ∈ [0.5 GeV, 3.0 GeV], y ∈ [−1, 1] and compared to the STAR
data [102] (rescaled by 0.877 due to the updated hyperon decay
parameter [50,103]). In the lower panel, “total” denotes “thermal +
shear + accT + chemical” for short.

model parameters Ht and fv extracted from the directed flow
of pions, protons and antiprotons as discussed earlier, our
model calculation also provides a reasonable description of
the hyperon polarization here. This helps further validate our
modeling of the tilted geometry of the QGP together with its
longitudinal flow gradient, and also confirms the correlation
between the directed flow and the global polarization. We
have confirmed that the total amount of polarization presented
here is mainly contributed by the thermal vorticity term. The
shear tensor relies on the tilted geometry of the medium: a
counterclockwise tilt in the reaction plane induces a negative
shear tensor, while a clockwise tilt induces a positive shear
tensor. Therefore, as shown in the upper panel of Fig. 7,
introducing the shear contribution increases the magnitude of
−Py. In the lower panel of Fig. 7, we study the effects of the
possible larger value of Ht for the net baryon number density
than for the energy density at low energies (

√
sNN = 11.5 and

7.7 GeV), as previously suggested by the proton v1. After
introducing this stronger tilt of baryon number density dis-
tribution, the global polarization becomes smaller because of
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a positive contribution from the chemical term to Py. We note
that the difference between � and �̄ polarization relies on
both the geometry of baryon distribution and the longitudinal
flow velocity. This is why our current result appears different
from the earlier study [89] using the same hydrodynamic
calculation but different initial condition. The electromagnetic
field may cause further difference between their polarization,
which has not been included in our current study.

IV. CONCLUSIONS

We have developed an initial condition model for study-
ing the directed flow and global polarization of identified
hadrons in heavy-ion collisions across the BES energies. The
Glauber model has been extended such that effects of the
tilted geometry of both the energy density and the net baryon
number density distribution have been included. The initial
longitudinal flow velocity profile has also been introduced. By
combining this initial condition with a hydrodynamic simula-
tion of the QGP evolution, we have provided a satisfactory
description of the transverse momentum spectra of identified
particles (π+, K+, p, and p̄) from

√
sNN = 7.7 to 62.4 GeV.

The directed flow coefficients of these identified hadrons,
especially the splitting of v1 between protons and antiprotons,
have been investigated in detail.

Our calculation shows the essential role of the tilted
medium geometry and the early-time longitudinal flow veloc-
ity in generating the directed flow of hadrons. While both the
strength of tilt (or the Ht parameter) and the fractional longi-
tudinal momentum deposition (or fv) become larger at lower
collisional energies, they have different impacts on the slope
of v1(y) of different hadron species. An increasing Ht results
in a decrease of dv1/dy around midrapidity for both pions and
antiprotons, while an increasing fv causes their increase. The
opposite trend could be seen for protons, which are strongly
affected by the baryon number density distribution deposited
by the colliding beam. Therefore, a simultaneous comparison
of the pion, proton, and antiproton v1 to their experimental
data sets a tight constraint on the inhomogeneous distribution
of the initial energy and baryon number density, and the lon-
gitudinal flow velocity profile of the nuclear matter created
in noncentral heavy-ion collisions. The initial geometry and
flow velocity extracted from the hadron v1 is further tested
with the global polarization of � and �̄ hyperons that is
also affected by the medium geometry and the fluid velocity
gradient in the longitudinal direction. Using the same hydro-
dynamic framework, we obtain a reasonable description of the
hyperon polarization across the BES energies, and find that
the separation of global polarization between � and �̄ could

also be sensitive to the tilted geometry of the net baryon num-
ber density distribution. Note that the splitting of v1 between
protons and antiprotons is not reflected in a large splitting of
the polarization between � and �̄ from

√
sNN = 7.7 to 62.4

GeV, implying different sensitivities of these two observables
to the baryon number density distribution.

Our study constitutes a step forward in understanding
the origin of the splitting of v1 between different particle
species produced in Au+Au collisions at

√
sNN = 7.7–62.4

GeV. While the v1 of protons and antiprotons is described
well for energies

√
sNN = 19.6 GeV and above, additional

effects besides the deformed medium geometry and the ini-
tial longitudinal flow velocity gradient should be explored
for the splitting of v1 between protons and antiprotons at
lower energies. For example, the electromagnetic field pro-
duced in noncentral heavy-ion collisions results in directional
drift of charged quarks (u, d, s) and therefore different values
of v1 between different final state charged particles. Ad-
ditionally, the light hadron v1 can also be affected by the
decelerated baryon flow and hadronic cascade after the QGP
expansion, especially at lower collision energy [45,49,50].
Therefore, a combination of hydrodynamic model and after-
burner hadronic transport is necessary for a better constraint
on the initial state. Furthermore, due to the limit of our current
smooth initial condition, our calculation is restricted to the
rapidity odd component of v1. The rapidity even component,
especially its nontrivial pT dependence even at midrapidity
[104–106], is another interesting topic to investigate after our
initialization method is extended to include event-by-event
fluctuations. Last but not least, the initial condition and the
QGP profile we propose here can be straightforwardly cou-
pled to studies of hard probes in low energy collisions, such as
the collective flow of high pT hadrons and heavy quarks [107]
and their correlations [108,109]. These will be addressed in
our upcoming efforts.
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