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We present a systematic study of A hyperon’s polarization observables using event-by-event
(341)D relativistic hydrodynamics. The effects of initial hot spot size and QGP’s specific shear
viscosity on the polarization observables are quantified. We examine the effects of the two formu-
lations of the thermal shear tensor on the polarization observables using the same hydrodynamic
background. With event-by-event simulations, we make predictions for the Fourier coefficients of A’s
longitudinal polarization P* with respect to the event planes of different orders of anisotropic flow.
We propose new correlations among the Fourier coefficients of P* and charged hadron anisotropic
flow coefficients to further test the mapping from fluid velocity gradients to hyperon’s polarization.
Finally, we present a system size scan with Au+Au, Ru+Ru, and O+O collisions at y/snn = 200 GeV
to study the system size dependence of polarization observables at the Relativistic Heavy-ion Col-

lider.

I. INTRODUCTION

High energy nucleus-nucleus collisions at the Relativis-
tic Heavy-Ion Collider (RHIC) and the Large Hadron
Collider (LHC) create small droplets of Quark-Gluon
Plasma (QGP), a hot and dense many-body system that
carries the fundamental degrees of freedom of quarks
and gluons. The QGP exhibits many intriguing emer-
gent phenomena, such as nearly perfect fluidity and color
opacity. Quantifying the QGP transport properties has
been one of the primary goals of relativistic heavy-ion
physics [1, 2]. Collisions with finite impact parameters
carry large orbital angular momentum (OAM). This large
OAM can induce local vorticity in the QGP fluid. Re-
cently, the STAR Collaboration at RHIC discovered non-
zero global polarization of A hyperons, which indicated
fluid vorticity of w ~ (941) x 10?15~ in semi-peripheral
Au+Au collisions [3]. This paradigm-shifting measure-
ment together with the follow-up detailed analysis on
differential global and longitudinal polarization observ-
ables [4, 5] have opened a new venue to study the spin-
related emergent properties of QGP at high energy. Ex-
tensive theoretical and phenomenological investigations
have been devoted to the effects of fluid vorticity on spin
polarization [6—19] as well as the related transport phe-
nomenon involving spin [20-29]. The (3+1)D hydrody-
namics + hadronic transport hybrid models and multi-
stage transport approaches can provide good descriptions
of the global polarization for A and A from the RHIC to
LHC energies. However, theoretical calculations based
on local thermal vorticity tensors showed the opposite
oscillation pattern compared to the measured azimuthal
distributions of polarization [30-34].

Recent works [35-40] proposed that the symmetric
thermal shear tensor and gradients of pp/T can con-
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tribute to the spin polarization of A and A. There are
two forms with the thermal shear tensor derived in the
literature [37, 38, 41]. The effects of thermal shear tensor
on the longitudinal polarization’s azimuthal dependence
were studied and found to be substantial [42-45]. While
it is still unclear which form should be suitable to use
with the underlying hydrodynamic description, we will
systematically study the effects of different shear-induced
polarization terms on polarization observables using the
same hydrodynamic background in this work.

Although there have been extensive works on hy-
peron’s polarization observables, we find that studies
about the sensitivity of polarization observables on the
system’s initial-state fluctuations and QGP viscosity
are still lacking. Therefore, in this work, we perform
(3+1)D event-by-event dynamical simulations of rela-
tivistic heavy-ion collisions at the top RHIC energy and
systematically study how the polarization observables de-
pend on the initial hot spot size and the QGP specific
shear viscosity. We will compare these observables’ sen-
sitivity with those of other hadronic observables, such as
anisotropic flow coefficients. With event-by-event simu-
lations, we will further make model predictions for the
azimuthal-dependent longitudinal polarization with re-
spect to high-order event planes and new Pearson corre-
lations between anisotropic flow and the Fourier coeffi-
cients of P? at fixed multiplicity.

This paper will be layout as follows. In Sec. II, we
will introduce our parametric 3D initial condition model
based on Ref. [16, 17]. And we will summarize the two
forms of symmetric thermal shear contributions to the
fermion’s polarization vector. We will express them us-
ing the same thermal shear tensor to highlight the dif-
ference. In Sec. 111, we study the sensitivity of hyperon’s
polarization observables on various medium parameters.
We perform a system size scan with Au+Au, Ru+Ru,
and O+O collisions at /sy = 200 GeV to study the
system size dependence of polarization observables. We
will conclude with some closing remarks in Sec.

In this paper we use the conventions for the metric ten-
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sor g"” = diag(1,—1,—1, —1) and the Levi-Civita symbol
60123 =1.

II. MODEL FRAMEWORK
A. 3D event-by-event initial condition

We employ the geometric-based 3D initial conditions
developed in Ref. [46, 47] to carry out event-by-event
simulations. Based on the Glauber geometry, the area
density of energy and net longitudinal momentum at a
given transverse position is given by,

KE(% y) = [Ta(z,y) + Tp(z,y)mn cosh(yseam)
= M(z,y) cosh(ycm) (1)

o Po(.1) = [Ta(2.9) = (o )l sinbgean)
= M (z,y) sinh(ycm). (2)

Here my is the nucleon mass, the beam rapidity is de-
fined as ypcam = arccosh[y/snn/(2my)], and Ty (p) (2, )
is the participant thickness function in the transverse
plane, composed by participant nucleons in the projec-
tile(target) nucleus.

TA(B) ('Ta y) = Z
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3)
where the w parameter controls the hot spot size in the
transverse plane. The summation of i runs over all the
participant nucleons inside the colliding nucleus. The
lumpy profile of T'y(p)(z,y) imprints its to the invariant
mass and center-of-mass rapidity defined as follows,

M(z,y) =my \/Tf‘ +T% + 2T4 T cosh(2ypeam) (4)

Ty—Tp
yom(z,y) = arctanh |:TA T, tanh(ybeam) | - (5)
Note that when cosh(2ybeam) > 1, the local invariant
mass scales with /T4Tp [40].

To study the polarization observables, it is essential to
match the collision system’s orbital angular momentum
between the initial state and hydrodynamic fields event-
by-event. This condition can be ensured by imposing
the local energy and momentum conservation at every
transverse position as follows,

M(LU, y) COSh[yCM (,T, y)} = /Todns [TTT (.%‘, Y, 773) COSh(ns)
+7.071‘”’(‘7:7 Y, 779) Smh(ﬁe)] (6)
M(SC, y) Sinh[yCM (.’L‘, y)] = / TOdns [TTT (SL’, Y, ns) Sinh(ns)

+7oT™"(x,y,ns) cosh(ns)].  (7)

Here T77(z,y,ns) and T7"(z,y,ns) are components of
the system’s energy-momentum tensor on a constant

proper time hyper-surface with 7 = 7y where hydrody-
namics starts. Following Ref. [17], we assume the initial
energy-momentum current has the following form,

T77(x,y,ns) = e(x,y,ns) cosh(yr) (8)
1 .
TT”(xay7’r}s) = ?Oe(xvyans) Slnh(yL) (9)

with the initial longitudinal flow rapidity yr = fycwm.
The parameter f controls the fraction of longitudinal
momentum attributed to the initial longitudinal flow ve-
locity. We ignore the transverse expansion and set trans-
verse components T7% =T7Y = 0 at 7 = 79. The longitu-
dinal momentum fraction parameter f allows us to vary
the initial longitudinal flow while keeping the net longi-
tudinal momentum of the hydrodynamic fields fixed. In
this work, we treat f as a free parameter. It would be
insightful to compare its optimal value with those from
more sophisticated 3D initial conditions [9, 42, 48, 49] in
the future. Using Eqgs. (6)-(9), we get

M@w=/mMM%%mw%%—@m—mﬁﬂm

0= /Todnse(l',y, ns) sinh(ns — (yem — yr))- (11)

To satisfy these two equations, we choose a symmetric
rapidity profile parameterization w.r.t yom — yr for the
local energy density [50],

e(x,y,ns; YoM — Yr) =

_ _ _ 2
Ne(z,y) exp { _ LI (yCMQUQyL) )
n

x0(Ins — (yom — yr)| —mo) |- (12)

Here the parameter 79 determines the width of the
plateau and the o, controls how fast the energy den-
sity falls off at the edge of the plateau. The normal-
ization factor N, (z,y) is determined by the local in-
variant mass M (z,y). In a highly asymmetric situa-
tion Ta(z,y) > Tp(zx,y), the center-of-mass rapidity
YoM (%, Y) = Ybeam. 1O make sure there is not too much
energy density deposited beyond the beam rapidity, we
set 7o = min(no, Ypeam — (Yom — yr)). We include the
same initial net baryon profiles as those in Refs. [46, 417].

B. (341)D dynamical evolution

In this work, we use the open-source (3+1)D relativis-
tic viscous hydrodynamic code package MUSIC [51-55] to
simulate the dynamical evolution of the system’s energy,
momentum, and net baryon density,

0, T"" =0, (13)
0, J% =0, (14)
where the energy-momentum tensor is defined as

T = eutu? — (P + T)AM + v, (15)



TABLE I. The default choice of model parameters in the dynamic simulations for relativistic nuclear collisions at /snn =

200 GeV.
Parameter Description Value
w [fm] initial hot spot width 0.4, 0.8, 1.2
70 space-time rapidity plateau size 2.5
oy space-time rapidity fall off width 0.5
f initial longitudinal flow fraction 0.15
7o [fm/c] hydrodynamics starting time 1
nT/(e + P) specific shear viscosity 0, 0.08, 0.16
esw [GeV/fm?] particlization energy density 0.25, 0.5

The system’s energy-momentum tensor is composed of
the local energy density of the fluid cell e, the thermal
pressure P, the fluid velocity u*, and the shear stress
tensor and bulk viscous pressure 7" and II. The spa-
tial projection tensor is defined as A*Y = g — uHu”.
Hydrodynamic equations of motion are solved with a
lattice QCD based Equation of State (EoS) at finite
baryon density NEOS-BQs, which imposes the strangeness
neutrality condition and electric charge density ng =
0.4np [56]. The detailed equations of motion were ex-
plained in Ref. [46, 47]. In this work, we explore the
shear viscous effects by running simulations with differ-
ent values of nT/(e + P) listed in Table I. This ratio
reduces to n/s at ug = 0. We leave the influence of bulk
viscosity for future work.

As the system evolves below the switching energy den-
sity esw, individual fluid cells are converted to particles
via the Cooper-Frye prescription [57-59]. The produced
hadrons further scatter with each other and decay in the
hadronic phase, which is modeled by the hadronic trans-
port model, URQMD [60, G1].

C. Spin polarization of hyperons

Recently, it is realized that the symmetric shear tensor
contributes to the hyperon’s polarization in addition to
the anti-symmetric thermal vorticity tensor. Becattini
et. al. [38] derived a different thermal shear contribu-
tion compared to that from Ref. [37]. It is important to
quantify the difference between these two formulations in
phenomenological studies.

The A hyperon’s spin polarization vector as a function
of its momentum p* can be computed as,

ide-pno(l—no)A“
J[d%-pno ’

where m is the A’s mass and ng is the A’s momentum dis-
tribution at local thermal equilibrium. The dX,, is the
normal vector of the hyper-surface, on which we com-
pute the hyperons’ spin vectors. We use the same hyper-
surface at the switching energy density ey, on which the
Cooper-Frye particlization is performed. The axial vec-
tor A* is composed by gradients of hydrodynamic fields.

On the one hand, Ref. [38] gives the following form for

SH(p®)

~ 4m (16)

the axial vector,

T 1 1 n
AgBP = —ghpr <2wpap'r + Etpfa/\p)\p'r) . (17)

Here the first term represents the conventional contribu-
tion from the thermal vorticity tensor w””,

o) (5]

The second term in Eq. (17) is the contribution from the
symmetric thermal shear tensor. We denote this term as
the Shear-Induced Polarization (SIP(BBP)). The global
time-like vector £, = (1,0,0,0) and the thermal shear
tensor M is defined as,

e = % [a“ <L;> + 0¥ <1§:>} : (19)

On the other hand, Ref. [37, 41] proposed a different form
for the shear-induced contribution, denoted as SIP(LY).
To express it in terms of the thermal shear tensor £*¥ in

Eq. (19),
H HpoT 1 —1 A
ALY = —¢ iwmpT + Eupfﬂ)\plp‘r

w0t )| 20

Note that there are two differences in the shear induced
polarization in Eq. (20) compared to that in Eq. (17).
First, Eq. (20) uses the local flow velocity u, instead of
a global time-like vector fp. Second, the shear-induced
polarization in Eq. (20) has an additional transverse pro-
jection operator acts on the momentum vector p>‘,

P =p* — (u-p)ut. (21)

The flow velocity vector combined with the Levi-Civita
tensor kills the temperature gradient terms from the ther-
mal shear tensor and the transverse projection operator
takes out the fluid acceleration terms from &,y. The last
term in Eq. (20) represents the net baryon chemical po-
tential induced polarization (ugIP) [36, 37, 41].

Finally, the A’s polarization vector in the lab frame
can be computed as

Pl () = 5" () (22



where the spin S = 1/2 is for A hyperons. Experimental
measurements are often reported in the local rest frame
of A,

ﬁ' -ﬁlab pz
pO(p° +m)

In the following section, we will study the contribution
from different axial vectors A" in Eqgs. (17) and (20) to
the A’s polarization'. And we will explore how the po-
larization observables depend on the different sets of the
dynamical model parameters listed in Table

PO=0 and Pi(p*) =P, - (23)

III. RESULTS AND DISCUSSION

Our phenomenological study will first focus on Au+Au
collisions at ,/syn = 200GeV. After presenting the
model calibration to the hadronic flow observables, we
will dive into a systematic analysis of the hyperon’s global
and longitudinal polarization. With event-by-event simu-
lations, we will make model predictions for the high-order
oscillation patterns of longitudinal polarization. We will
close this section by performing a system size scan for
the A polarization observables at the top RHIC energy.

A. Particle production and flow observables

Before studying the hyperon’s polarization observ-
ables, we need to calibrate our model with the hadronic
flow observables.

Figures | show the results of our (3+1)D simulations
for Au+Au collisions with different values of specific
shear viscosity compared with experimental measure-
ments. We adjust the space-time rapidity profile of the
initial energy density to reproduce the PHOBOS charged
hadron dN"/dn in 0-6% centrality. The comparisons
with the other semi-peripheral centrality bins show that
our model can capture the centrality dependence of the
particle production well. We note that the shear vis-
cosity has small effects on the charged hadron pseudo-
rapidity distributions. Meanwhile, the charged hadron
anisotropic flow coefficients are suppressed more with
larger specific shear viscosity. Comparing results from
our initial condition with the hot spot size w = 0.4 fm,
we find that the v2{2} measurements favor a large value
of specific shear viscosity nT/(e + P) = 0.16, while the
v3{2} data prefers a smaller value nT'/(e+ P) = 0.08. Al-
though the initial eccentricity follows the /1415 scaling
as the popular TRENTO model [65], we do not include
the hot spot normalization fluctuations which would in-
crease €3 relative to €5 and would improve the overall
description.

1 Both axial vectors are numerically implemented in the open-
source particle sampler 1SS to compute the hyperon’s polarization
observables [62].
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FIG. 1. (Color Online) Panels (a)-(e): Charged hadron

pseudo-rapidity distributions of Au+Au collisions at 200 GeV
in different centrality bins compared to the PHOBOS mea-
surements [63]. Panel (f): Charged hadron anisotropic flow
coefficients compared with the STAR measurements [64].
Model simulations are performed with three values of spe-
cific shear viscosity in the hydrodynamic phase.

Figures 2 show how charged hadron dN® /dn and mid-
rapidity anisotropic flow coefficients depend on the initial
hot spot size in the simulations. We find that a large hot
spot size w = 1.2 fm result in too much particle produc-
tion near mid-rapidity in semi-peripheral collisions. The
charged hadron v2{2} data prefers w = 0.8 fm, while the
v3{2} data prefers w = 0.4 fm. Combining Figs. 1 and

, we find the hadronic observables favor the initial hot
spot size w = 0.4 — 0.8 fm and the specific shear viscosity
nT/(e + P) = 0.08 — 0.16 with our model. The values
of these parameters are consistent with previous works
[46, 66].

B. Global polarization of hyperons

With the (34+1)D simulations calibrated to hadronic
observables, we now start to study the hyperon’s polar-
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FIG. 2. (Color Online) Similar comparisons as in Fig. | but
for model simulations with three initial hot spot sizes w.

ization observables.

We first would like to quantify the four different com-
binations of the axial vectors’ contributions to the A’s
global polarization PY. Because we define the +x direc-
tion to be aligned with the impact parameter, the global
angular momentum points to the —y direction. There-
fore, we plot —PY as A’s global polarization in all the fol-
lowing figures. Figure 3a shows the pr-integrated global
polarization near mid-rapidity as a function of the colli-
sion centrality. We find PY is dominant by the thermal
vorticity tensor, w;” [47]. The symmetric thermal shear
tensor proposed in Ref. [38] suppresses the magnitude of
PY by 10% in the semi-peripheral centrality bins. Mean-
while, the shear-induced polarization from Ref. [37] gives
a negligible contribution to PY. The tensor structure of
Aj'y dictates a net-zero contribution to PY if pr is inte-
grated from 0 to infinity. Figure 3a shows that the contri-
bution is negligible for integrating py from 0.5 to 3 GeV.
Lastly, the net baryon chemical potential induced polar-
ization suppresses the A’s polarization, which agrees with
the results using event-averaged initial conditions [47].

Although the two shear-induced polarization terms
give small contributions to the pp-integrated PY, they
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FIG. 3. (Color Online) Panel (a): The hyperon’s global polar-
ization PY as a function of the collision centrality in Au+Au
collisions at 200 GeV with four combinations of the axial-
vector A* in Eq. (16). Panel (b): The pr-differential PY
with || < 1 in 20-60% Au+Au collisions. Panel (c): The
pseudo-rapidity distribution of PY in 20-60% Au+Au colli-
sions. Simulations are performed with the initial hot spot
size w = 0.4 fm, a specific shear viscosity nT/(e + P) = 0.16
in the hydrodynamic phase, and a switching energy density
esw = 0.5 GeV/fm3. Comparisons are made with the STAR
measurements [41]. The STAR measurements are scaled by
0.877 because the latest hyperon decay parameter aa from
Ref. [67].



P i 1
0.5~ wyy + SIP(BBP) 7

[ === wh + SIP(LY) ]

04F W+ SIP(LY) + pplP ]
2 | |
E‘( 0.3 ;7 . ” i
02 pmm—"""27"" TEITeee 4
o LT/(e+ P) =008 In <1 ]

T rw=08fm 0.5<pr<3GeV 1

[ egw = 0.5 GeV/fm? 20-50% Au+Au (/sxy = 200 GeV {

P A A A I
0.0 0.5 1.0 1.5 2.0 2.5 3.0

¢ — Uy
FIG. 4. (Color Online) The azimuthal dependence of the

global polarization PY with respect to the elliptic flow event
plane for four combinations of the axial-vector A".

have sizable effects on differential observables. Figure 3b
shows the pp-differential PY(pr) near mid-rapidity. The
SIP(BBP) from Eq. (17) leads to a suppression of P¥(pr)
for pr > 1 GeV. Meanwhile, the SIP(LY) from Eq. (20)
has a positive contribution for pr < 1 GeV and negative
contribution for py > 1 GeV. This sign-changing contri-
bution ensures the pr integration of the SIP(LY) term
in Eq. (20) gives zero. The pup-induced polarization sup-
presses the A’s PY to negative at high ppr. The current
experimental uncertainty is still too large to discrimi-
nate between the thermal vorticity only case and the two
shear-induced polarization. Figure 3c shows the pseudo-
rapidity dependence of the global polarization in 20-60%
Au+Au collisions. Although all four combinations of A*
give similar results near the mid-rapidity |n| < 1.5, the
values of PY at the forward rapidity show a big differ-
ence. Measurements of A’s polarization at || > 2 would
set strong constraints on the flow and net baryon chem-
ical potential gradients in the hydrodynamic evolution.
Figure 4 shows different polarization terms’ contribu-
tions to the azimuthal dependence of the global polar-
ization PY with respect to the elliptic flow event plane.
The n-th order event plane angle ¥,, = arg(Q,)/n is
defined by the complex flow vector Q, = @Q,e™¥" =
> j e where j runs over the azimuthal angles of
all charged hadrons within the desired kinematic range.
In our hybrid simulations, we sample multiple hadronic
events from the same hydrodynamic hyper-surface to
gain enough resolution of the anisotropic flow event-plane
U, for every hydrodynamic event [68]. With our 3D ini-
tial conditions, the thermal vorticity generate a small but
positive cos(2(¢ — ¥3)) modulation of PY. This result
is different from simulations using other types of initial
conditions based on transport models, such as UrQMD or
AMPT [9, 42]. The shear induce polarization gives the
opposite cos(2¢) modulation to that from the thermal
vorticity. The SIP(BBP) from Ref. [38] gives a larger
contribution compared to that from the SIP(LY) from
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FIG. 5. (Color Online) The sensitivity of hyperon’s global po-
larization on the QGP’s specific shear viscosity (a), initial hot
spot size (b), and switching energy density (c¢). The STAR
measurements [4] are scaled by 0.877 because the latest hy-
peron decay parameter ax from Ref. [67].

Ref. [37]. Finally, we find that the chemical potential in-
duced polarization term also gives a substantial contribu-
tion to the azimuthal dependence of PY. Its contribution
is related to the shape of the initial net baryon profile
in the initial-state model. A recent work [69] investi-
gated the pupIP as a function of collision energy using
the AMPT initial conditions.



Figure ba shows how the A’s polarization depends on
the specific shear viscosity used in the hydrodynamic
phase. Similar to the anisotropic flow coefficients, a large
specific shear viscosity leads to a significant suppression
the global polarization. This result is expected because
shear viscosity smears out the flow velocity gradients and
the simulations will end up with smaller vorticity on the
particlization surface. Comparing the relative magni-
tudes of suppression in polarization and anisotropic flow
in Fig. 1, we find they are comparable. Figure 5b shows
a substantial sensitivity of the A’s global polarization on
the initial hot spot size. A smaller hot spot size leads
to larger spatial gradients at the early time, which build
up the stronger hydrodynamic flow. Therefore, a small
w results in larger thermal vorticity at the particlization
surface in the simulations and enhance the magnitudes
of the A’s global polarization. Figure 5Hc further explores
how the global polarization depends on the switching en-
ergy density. A lower switching energy density allows the
fireball to evolve longer. The flow velocity gradients re-
duce with egy,. Our results are in qualitative agreement
with the recent work [70].

The parameter dependence studies presented in Fig-
ures 5 demonstrate that the global polarization observ-
ables have a strong sensitivity to the initial-state fluc-
tuations and QGP’s specific shear viscosity. Combining
the knowledge from hadronic observable comparisons in
Figs. | and 2, we can draw tighter constraints on model-
ing the dynamical evolution of relativistic heavy-ion col-
lisions.

C. Azimuthal-dependent longitudinal polarization

Now, we transit our focus to longitudinal polarization
P?#  which is sensitive to the flow velocity distribution in
the transverse plane [10)].

Figure 6 shows the azimuthal dependence of the av-
eraged cosine of the daughter proton’s polar angle 67 in
the A’s rest frame with respect to the elliptic flow event
plane. We compute this observable from the A’s longitu-
dinal polarization P?,

(cos(0))(9) = (cos(0;)*)aa P* (), (24)

where (cos(65)?) = 1/3 [5] and ay = 0.732 [67]. The
azimuthal-dependent longitudinal polarization P*(¢) are
computed using the four combinations of the axial-vector
A*.  Similar to previous works, the thermal vorticity
alone gives the opposite sign of the ¢-dependence com-
pared to the STAR measurements. The scale of the os-
cillation is about 5 times bigger than that in the data.
Adding the shear-induced polarization from Ref. [38] flips
the sign of the longitudinal polarization. While the sign
of the SIP correction agrees with the results shown in
Ref. [43], the magnitude of the correction is bigger in our
calculations. We believe the difference lies in the different
types of initial conditions used in the simulations. The
shear-induced polarization from Ref. [37] gives a smaller
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FIG. 6. (Color Online) The averaged cosine of the daughter
proton’s polar angle in the A’s rest frame computed from A’s
longitudinal polarization with four combinations of the axial-
vector A* in 20-60% Au+Au collisions. Model calculations
are compared with the STAR measurements [5].

contribution compared to that from the SIP(BBP) term.
Our results with the SIP(LY) are in quantitative agree-
ment with those shown in Ref. [42, 44]. The difference
between the two SIP terms can be understood as the flow
velocity vector u, combined with the Levi-Civita tensor
killing the contributions from the temperature gradients
in the thermal shear temsor. And the transverse pro-
jection operator on py in Eq. (20) takes out the fluid
acceleration contributions. These two contributions are
substantial enough to change the sign of the longitudinal
polarization within our model [45]. Lastly, the net baryon
chemical potential gradients give small contributions to
A’s longitudinal polarization.

After quantifying the individual term’s contribution
from the axial vector to A’s longitudinal polarization,
we compare our model calculations with the STAR data
as a function of the collision centrality [5]. We expand
the longitudinal polarization P*(¢) into a Fourier series
as follows,

P*(¢) = P; +2)_ P;cos(n(¢p— TL)). (25)

n=1

Here the n-th order Fourier coefficient and its associated
phase can be combined as a complex vector,

2
e d ,
P, = Pﬁe”“yf = /0 —2¢PZ(¢)em¢. (26)

s

In heavy-ion experiments, one measures the magnitude
of the PZ? oscillation with respect to the event plane angle
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second-order Fourier coefficients of the azimuthal dependent
P? with respect to the elliptic flow event plane angle Wo for
four combinations of the axial-vector A". Results are com-
pared with the STAR data [5].

defined by the charged hadron anisotropic flow vector,

(P*sin(n(¢ — ¥n)))
1 Nev 1 2m

- N Z or J, dpP; (¢)sin(n(¢ — ;)
ev iT]

e ). @

Here the Q,, is the complex anisotropic flow vector of
charged hadrons and the operator Im{---} takes the
imaginary part of the enclosed expression. The event av-
erage goes over all hydrodynamic events within a given
centrality bin. In the low event-plane resolution limit

[71],

<Im {7)5 QZ,A}>6V

VRe{QuaQ; 5 e

(28)
Here Q,, 4 and Q,, p are the anisotropic flow vectors from
two sub-events. In the following analysis, we choose sub-
event A with charged hadrons whose pr € [0.2,3] GeV
and n € [-1, —0.1] and sub-event B with charged hadrons
having pr € [0.2,3] GeV and n € [0.1,1].

Figure 7 shows that the results from thermal vorticity
alone and those with adding the shear-induced polariza-
tion from Ref. [37] give negative values for the second-
order Fourier coefficients of P#(¢) with respect to the
elliptic flow event plane. The thermal shear tensor with
the SIP(BBP) from Ref. [38] gives positive results for
p5{SP}. Comparing these results with the STAR mea-
surements, we find reasonable agreements from central up
to 40% centrality. The magnitude of p5{SP} in our cal-
culation starts to decrease in peripheral centrality bins,
while the measurement values keep increasing.

(P*sin(n(¢ — V,.))) ~ p;{SP} =
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FIG. 8. (Color Online) The centrality dependence of the
second-order Fourier coefficients of the longitudinal polariza-
tion P? with respect to the elliptic flow event-plane angle W5
for different values of specific shear viscosity (a), initial hot
spot size (b), and switching energy density (c). Results are
compared with the STAR data [5].

In Figs. 8, we systematically explore the sensitivity
of the second-order Fourier coefficient of P*(¢$) on the
QGP shear viscosity, initial hot spot size, and switch-
ing energy density. We find that the p5{SP} increases
with the value of specific shear viscosity used in the hy-
drodynamic phase. Ideal hydrodynamic simulations gen-
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FIG. 9. (Color Online) The (cos(6;)) in Eq. (24) with respect
to the third-order event plane angle computed from the A’s
longitudinal polarization P*(¢) using four combinations of
the axial vector A* in 20-60% Au+Au collisions.

erate an almost zero p5{SP}, while the two finite val-
ues of shear viscosity give comparable pZ{SP} in cen-
tral and semi-peripheral collisions. Figure 8b shows
that the p3{SP} coefficient has a mild dependence on
the initial hot spot size. Simulations with a large hot
spot size w = 1.2 fm have a smaller p5{SP} coeffi-
cient compare to those from simulations with the smaller
w. Finally, Figure S8c shows that a lower switching en-
ergy density es, = 0.25GeV/fm? leads to a 15% larger
p5{SP} compared to the results from simulations with
esw = 0.5GeV/fm3. This result suggests that the co-
efficient p5{SP} grows with the fireball lifetime. With
all these combinations of model parameters, we find the
values of p5{SP} remain small in the peripheral Au+Au
collisions beyond 50% in centrality. It requires a more
detailed analysis to resolve the difference with the ex-
perimental data in peripheral centrality bins. Compared
to the sensitivity study for the A’s global polarization in
Figs. 0, the p3{SP} coefficient of the longitudinal polar-
ization does not show very strong sensitivity to the model
parameters.

Event-by-event simulations allow us to go beyond
the second-order oscillation of the longitudinal polariza-
tion. We can compute higher-order Fourier coefficients
of P* with respect to the event plane of higher-order
anisotropic flow. Figure 9 shows an example of per-
forming an event-average of the longitudinal polarization
P*(¢) with respect to the triangular flow event plane in
20-60% Au-+Au collisions. We can clearly see the third-
order oscillation of the longitudinal polarization vector.
Similar to the second-order case, the shear-induced polar-
ization gives the opposite contributions to the azimuthal
dependence compared to those from the thermal vorticity
tensor. The SIP(BBP) term from Ref. [38] again gives a
substantial contribution to flip the sign of P*. Therefore,
it is important to measure the third-order oscillation of
the longitudinal polarization in experiments to further
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FIG. 10. (Color Online) The centrality dependence of the

n-th order Fourier coefficients of P*(¢$) with respect to n-th
order event-plane determined by charged hadron anisotropic
flow in Au+Au collisions at 200 GeV for n =1 — 5.

test whether this theoretical model is valid or not.

In Fig. 10, we compute the scalar-product pZ{SP}
between the Fourier coefficients of P#(¢) and charged
hadron anisotropic flow v, for n = 1 — 5 as functions
of centrality in Au+Au collisions at 200 GeV. We find
that the magnitudes of the third and the fourth order
oscillations p3{SP} and p;{SP} are comparable to that
of p3{SP}, while those of the pj{SP} and pZ{SP} co-
efficients are small. The coefficient pj{SP} computed
with thermal vorticity 4+ the SIP(BBP) contribution is
negative for all centrality bins. We check that the shear
induced polarization from Ref. [38] flips the signs of all or-
ders of pZ {SP}. The centrality dependence of the pZ {SP}
coeflicients in Fig. 10 provides a quantitative model pre-
diction for the azimuthal dependence of longitudinal po-
larization and how it is correlated with the hydrodynamic
anisotropic flow coefficients. Verifying these predictions
in the experiments can help us further understand the
origin of the A spin polarization in heavy-ion collisions.

To further quantify the event-by-event correlation be-
tween the magnitudes of the anisotropic flow v,, and the
Fourier coefficients of the longitudinal polarization P?,
we can define the following Pearson correlations,

. 6v26(P?)?) ey

0, (B?) = bl dex - (a9)
\/<(5v%)2>ev<(5(P£)2)2>ev

where (- -)o, represents the event average and the rela-

tive fluctuation of any observable O is defined as,

<606Nch>ev

00 =60 — (ONa) D) ow

SNen with 60 = O — (O)ey.

(30)

Here the relative fluctuations subtract the correlation
with the particle multiplicity in the event [72].

In Fig. 11, we calculate the Pearson correlations be-

tween the magnitude of anisotropic flow v,, and the P?
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Pearson correlation between charged hadron anisotropic flow
v, and the Fourier coefficients of the longitudinal polarization
P? in Au+Au collisions at 200 GeV.

coefficients for n = 1 — 5 in Au4Au collisions. We find
strong positive correlations between v,, and P? for n = 2
and 3 from central up to 60% in centrality. These strong
correlations indicate that an event-shape analysis by se-
lecting collision events according to v,, at fixed multiplic-
ity could show a positive correlation with the P? coeffi-
cient of the A’s longitudinal polarization. The strengths
of the p(v2,(P?)?) correlations are weaker for the har-
monic orders n = 1 and 5 compared to those for n = 2—4,
but they are still significantly larger than zero. Finally,
these Pearson correlations are four-particle correlations
that can be directly measured by the experiments pro-
vided there are enough statistics. These measurements
can verify whether the event-by-event oscillation patterns
of the longitudinal polarization are correlated with the
underlying anisotropic flow of the medium.

D. Collision system scan at the top RHIC energy

The Relativistic Heavy-Ion Collider is a versatile ma-
chine to study the proprieties of Quark-Gluon Plasma
with different nuclei species. In addition to Au+Au colli-
sions, Ru+Ru and O+O0 collisions are recently performed
with high precision. These smaller collision systems allow
us to study how the hyperon’s polarization observables
change with the collision system size. In this subsection,
we perform a parameter-free extrapolation from Au+Au
collisions to these small systems.

Figure shows the centrality dependence of the A
global polarization in Au+Au, Ru+Ru, and O+O colli-
sions. For all three collision systems, the magnitude of
the global polarization increases with the centrality. Be-
cause in our model the A global polarization is strongly
correlated with the system’s orbital angular momentum,
the monotonic increase of the PY with centrality reflects
that the centrality defined by charged hadron multiplic-
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FIG. 12. (Color Online) The centrality dependence of A’s

global polarization in Au+Au, Ru+Ru, and O+0O collisions
at v/snn = 200 GeV.

ity is strongly correlated with the collision geometry, even
in the small O4O collisions. Now comparing the mag-
nitudes of PY across the three collision systems, we find
the PY is larger in smaller systems at the same centrality.
This system size dependence can be understood as the
fireball lifetimes are shorter in the smaller collision sys-
tems. Hence, thermal vorticity tensors have less time to
reduce their sizes in 04O collisions than those in Au+Au
collisions at the same centrality bin. With the future ex-
perimental measurements at RHIC, our prediction for the
system size dependence of A’s PY can help us to verify
whether the fluid thermal vorticity is the main contribu-
tion to A’s global polarization.

We also study the system size dependence of the az-
imuthal dependence of the A longitudinal polarization.
In Fig. 13, we plot the Fourier coefficients pZ{SP} of the
A longitudinal polarization for (n = 1 — 3) in Au+tAu,
Ru+Ru, and 04O collisions. We have not accumulated
enough statistics for the higher-order coefficients n = 4
and 5 for the small collision systems. We find a good mul-
tiplicity scaling for p{SP} and p3{SP} across different
collision systems. This multiplicity scaling is expected
because both the dipolar and triangular flow coefficients
are mostly driven by event-by-event fluctuations in all
these three collision systems. The odd-order oscillations
of P# are mainly controlled by the fireball lifetime which
is correlated with the particle multiplicity. The multiplic-
ity scaling does not work for p3{SP} because it receives
contributions from the collision geometry in central and
semi-peripheral collisions.

IV. CONCLUSIONS

In this work, we perform event-by-event (3+1)D dy-
namical simulations to systematically study the hy-
peron’s polarization observables in heavy-ion collisions
at 200 GeV.
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We implement the two shear-induced polarization for-
mulae proposed in the literature and quantify their effects
on the A’s global and longitudinal polarization observ-
ables within the same (34-1)D dynamical framework. We
find both shear-induced polarization terms give relatively
small contributions to the A global polarization near mid-
rapidity. Therefore, the A’s global polarization is a ro-
bust observable to probe the thermal vorticity distribu-
tion in the dynamical system. In the forward rapidity
region |n| > 2, the shear-induced polarization SIP(BBP)
from Ref. [38] gives large contribution to PY(n). Both
shear-induced polarization terms give significant contri-
butions to the azimuthal dependence of A’s global and
longitudinal polarization. In particular, the SIP(BBP)
from Ref. [38] can flip the sign of the longitudinal po-
larization P*(¢). The main difference between the two
SIP terms is that the SIP(BBP) term includes additional
contributions from temperature gradients and fluid accel-
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eration compared to the SIP(LY) term. Our model re-
sults with the SIP(BBP) contributions are different from
those shown in Ref. [43]. The difference could come from
the different types of initial conditions used in the simu-
lations. In the meantime, our results with the SIP(LY)
contributions show qualitative agreements with those in
Ref. [42, 44].

With event-by-event simulations, we systematically
study how to use the A polarization observables to con-
strain the dynamical properties of relativistic heavy-ion
collisions. The global polarization shows strong sensi-
tivities to the initial-state fluctuations and the QGP’s
specific shear viscosity. It offers complementary informa-
tion to anisotropic flow coefficients. Studying polariza-
tion and anisotropic flow observables together as func-
tions of collision system size will set strong constraints
on the 3D dynamics of heavy-ion collisions. With future
more accurate measurements, the A global polarization
is an important observable to be included in the global
Bayesian statistical analysis to constrain all aspects of
the hot and dense nuclear matter.

The event-by-event simulations also provide us with a
theoretical tool to make predictions for new correlation
observables. We propose the four-particle Pearson cor-
relation between charged hadron anisotropic flow v,, and
the Fourier coefficients of the longitudinal polarization
P? for n =1 —5. It will be exciting to verify the pre-
dicted correlations experimentally, which would open a
new venue in the precision era of heavy-ion physics.
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