aps CHCRUS

physics

This is the accepted manuscript made available via CHORUS. The article has been
published as:

Probing early-time longitudinal dynamics with the math
xmlns="http://www.w3.0rg/1998/Math/MathML">mi
mathvariant="normal">A/mi>/math> hyperon's spin

polarization in relativistic heavy-ion collisions
Sangwook Ryu, Vahidin Jupic, and Chun Shen
Phys. Rev. C 104, 054908 — Published 23 November 2021
DOI: 10.1103/PhysRev(C.104.054908


https://dx.doi.org/10.1103/PhysRevC.104.054908

Probing early-time longitudinal dynamics with the A hyperon’s spin polarization in

relativistic heavy-ion collisions

Sangwook Ryu,'* Vahidin Jupic,">T and Chun Shen' 2 *

! Department of Physics and Astronomy, Wayne State University, Detroit, Michigan, 48201, USA
2RIKEN BNL Research Center, Brookhaven National Laboratory, Upton, NY 11978, USA

We systematically study the hyperon global polarization’s sensitivity to the collision systems’
initial longitudinal flow velocity in hydrodynamic simulations. By explicitly imposing local energy-
momentum conservation when mapping the initial collision geometry to macroscopic hydrodynamic
fields, we study the evolution of systems’ orbital angular momentum (OAM) and fluid vorticity. We
find that a simultaneous description of the A hyperons’ global polarization and the slope of pion’s
directed flow can strongly constrain the size of longitudinal flow at the beginning of hydrodynamic
evolution. We extract the size of the initial longitudinal flow and the fraction of orbital angular
momentum in the produced QGP fluid as a function of collision energy with the STAR measurements
in the RHIC Beam Energy Scan program. We find that there is about 100-200 2 OAM that remains
in the mid-rapidity fluid at the beginning of hydrodynamic evolution. We further exam the effects
of different hydrodynamic gradients on the spin polarization of A and A. The gradients of ug/T

can change the ordering between A’s and A’s polarization.

I. INTRODUCTION

Non-central heavy-ion collisions carry angular mo-
menta of the order of 102 —10%h. After the initial impact,
although most of the angular momentum is carried away
by the spectator nucleons, a sizable fraction remains in
the created Quark-Gluon Plasma (QGP) and implies a
nonzero rotational motion in the fluid. Such rotation in-
ertia can lead to a strong vortical structure inside the
resulting liquid. Local fluid vorticity can potentially in-
duce a preferential orientation on the spins of the emitted
particles through spin-orbit coupling. The STAR Col-
laboration at the Relativistic Heavy-Ion Collider (RHIC)
discovered the global polarization of A hyperons, which
indicated fluid vorticity of w ~ (941) x 10215~ [1]. This
result far surpasses the vorticity of all other known fluids
in nature. The discovery of global hyperon polarization
and 3D simulations of the collision dynamics have opened
an entirely new direction of research in heavy-ion physics.
To understand the origin of the RHIC A polarization
measurements, we need to address two key theoretical
questions: (i) how do the global collision geometry and its
orbital angular momentum (OAM) induce the local flow
vorticity in heavy-ion collisions? (ii) how do fluid gradi-
ents act as thermodynamic forces to polarize the spins of
particles? Resolving these two outstanding questions can
provide crucial insights into emergent many-body phe-
nomena in Quantum Chromodynamics (QCD).

Extensive theoretical and phenomenological investiga-
tions have been devoted to the effects of fluid vorticity
on spin polarization [2-14] as well as the related trans-
port phenomenon involving spin [15-24]. Hydrodynamics
+ hadronic transport hybrid models and pure transport
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approaches can provide good descriptions of the global
polarization for A and A. However, the measured az-
imuthal distributions of polarization showed an opposite
oscillation pattern compared to most of the theoretical
results [25-29].

Most of the phenomenological studies assumed the A’s
polarization is directly related to the local thermal vor-
ticity. Recent works [30-35] proposed that the velocity
shear tensor and gradients of pp/T can contribute to
the spin polarization of A and A. The effects of velocity
shear tensor on the longitudinal polarization’s azimuthal
dependence were studied and found to be substantial [36—
38]. These results suggest that the hyperon’s polarization
along the global orbital angular momentum direction is
a cleaner observable to study the fluid vorticity evolution
in heavy-ion collisions than the measurements of the lon-
gitudinal polarization.

This paper will focus on the global A polarization and
study how the measurements can set constraints on the
early-time longitudinal dynamics at the RHIC BES en-
ergies. In Sec. II, we will introduce a new parametric 3D
initial condition model, generalized based on Ref. [39].
In particular, we introduce a model parameter to vary
the early-time longitudinal distribution of fluid vorticity.
We explicitly impose conservation of orbital angular mo-
mentum when mapping the initial collision geometry to
hydrodynamic fields. Employing such a model enables
us to quantitatively investigate how the global polariza-
tion measurements can set constraints on the early-time
longitudinal dynamics in heavy-ion collisions. The sensi-
tivity of initial longitudinal flow in pion’s directed flow is
studied with the same model. In Sec. I1I, our phenomeno-
logical study will show that a simultaneous description of
A global polarization and the slope of pion’s directed flow
set strong constraints on the initial condition parameter.
The effects of different hydrodynamic gradients on A po-
larization will be quantified at the RHIC BES energies.
We will conclude with some closing remarks in Sec. IV.

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. THE THEORETICAL FRAMEWORK

A. Initial-state orbital angular momentum (OAM)
and mapping to hydrodynamic fields

The space-time structure of the initial collision dynam-
ics can be modeled by the 3D MC-Glauber model [39, 40].
We can compute the system’s total angular momentum
based on the collision geometry before and after the col-
lision impact. Individual nucleon 7 has its position and
momentum {z!',p/'}. We can compute the relativistic

7
angular momentum as a bivector,

Laﬁ - B

init =

7, (1)

which has six independent components.
In fluid dynamics, we can define the angular momen-
tum density tensor,

JHaB — popuB _ gpBpua | gu.af (2)

z°pP —z

Here the total angular momentum is composed by orbital
and spin angular momentum tensors. We can write the
orbital angular momentum tensor as

LB = gormB _ ghpee (3)

According to [41], we can compute the system’s angular
momentum tensor on a hyper-surface as,

Lef | = / dPo, LP, (4)

We choose the hyper-surface along the constant longitu-
dinal proper time 7 = V12 — 22,

Lgffid(T) = /dedydnsLT’o"B. (5)

In this work, we will exactly match the local energy
and momentum from initial collision geometry to the hy-
drodynamic fields at hydrodynamic starting time 7 = 7.
This matching is done at each point on the transverse
plane, so that it ensures the system’s OAM is preserved
from the initial state to the hydrodynamic phase,

Li = Litia(mo)- (6)

init 7

We generalize the geometric-based 3D initial conditions
in Ref. [39]. Based on the Glauber geometry, the area
density of energy and longitudinal momentum at a given
transverse position is given by,

dng E(.’E, y) = [TA (1'7 y) + TB (1’7 y)}mN COSh(ybcam
= M(,y) cosh(ycm) 7)

)

(

dTPZ('ra Z/) = [TA(xv y) —Tp (l‘, y)}mN Sinh(ybeam)
XT

(

= M(x,y) sinh(yom)- 8)

Here Ty(p)(z,y) is the participant thickness function in
the tranvserse plane, my is the mass of the nucleon, and
Ybeam = arccosh[/sxn/(2my)] is the beam rapidity. We
define the colliding nucleus A as the projectile with pos-
itive rapidity, while the nucleus B is the target flying
toward the —z direction. The invariant mass and center-
of-mass rapidity can be expressed in terms of the partic-
ipant thickness functions as follows,

M(x,y) = my \/Tf‘ +T% + 2T4Tg cosh(2ybeam) (9)

Ta—Tg tanh(Ypeam)| . (10)

x,y) = arctanh | ———
yem (2, ) {TA T,

Requiring the energy and momentum to be conserved
when mapping the initial condition to hydrodynamic
fields, we get the following constraints on the system’s
energy-momentum tensor,

Mz y) coshlyen ()] = [ mdn. (17 (z,.7) cosh(.
+70T""(z,y,ns) sinh(ns)]  (11)
Mz y)sinhlyon ()] = [ rodn. [T (2. g,m.) sinh ()
+70T""(z,y,ns) cosh(ns)].  (12)

Here T77(x,y,ns) and T7"(xz,y,ns) are components of
the system’s energy-momentum tensor on a constant
proper time hyper-surface with 7 = 75. We assume the
initial energy-momentum current has the following form,

T77(x,y,ns) = e(x, y,ns) cosh(yr) (13)
1 .
Tm(%yﬂ?s) = ;06(5573/7773) Slnh(yL)' (14)

We ignore the transverse expansion and set transverse
components T7% = T™ = 0 at 7 = 79. Here we pa-
rameterize a non-zero longitudinal momentum with the
rapidity variable

yr = fyom, (15)

where f € [0,1] is a parameter that controls the frac-
tion of longitudinal momentum attributed to the flow
velocity. When f = 0, y; = 0, the conditions reduce to
the well-known Bjorken flow scenario, which was used in
Ref. [39]. This longitudinal momentum fraction parame-
ter f allows us to vary the size of the initial longitudinal
flow while keeping the net longitudinal momentum of the
hydrodynamic fields fixed. Plugging Eqs. (13) and (14)
into Egs. (11) and (12), we get

M(z,y) = /Todnse(%y,ns) cosh(yr + 1s — yem) (16)

0= /Todnse(w,y, ns)sinh(yz +ns — yem)).(17)

To satisfy these two equations, we can choose a symmet-
ric rapidity profile parameterization w.r.t ycm — yr, for



the local energy density [42],

6(1772/777:;; ycm — l/L) =

(Ins — (yom —yr)| — 770)2
20,27

Ne(z,y)exp | —

x0(|ns — (yem —yr)| —no) |- (18)

Here the parameter 7y determines the width of the
plateau and the o, controls how fast the energy density
falls off at the edge of the plateau. In a highly asym-
metric situation T4 (x,y) > Tr(z,y), the center-of-mass
rapidity yom(%,Y) — Ybeam. To make sure there is not
too much energy density deposited beyond the beam ra-
pidity, we set 7o = min(no, Ybeam — (Yo — yz)). The
normalization factor N, (z,y) is not a free parameter in
our model. It is determined by the local invariant mass
M(z,y),

M(z,y)
2sinh(ng) + \/gonega/zc’n

1 1
C, = ePerfc (‘\/;Un> + e Merfe <\/g‘777) . (20)

Here erfc(x) is the complementary error function.

Ne(x,y) =

(19)

20-30% Au-+-Au @ 19.6 GeV

FIG. 1. Color contours show the initial energy density dis-
tributions in the z — 7, plane for 20-30% Au+Au collisions
at 19.6 GeV with the longitudinal rapidity fraction f =0 (a)
and f =1 (b). The grey arrows in panel (b) indicate the non-
zero initial longitudinal flow u”7 with yr = yom in Egs. (13)
and (14). u”7 = 0 in panel (a).

Figure 1 shows the two extreme scenarios for the en-
ergy density and flow distributions of our 3D initial con-
dition for 20-30% Au+Au collisions at 19.6 GeV with
the longitudinal rapidity fraction parameter f = 0 and
f =1. When f = 0, the local net longitudinal momen-
tum leads to a shift of the energy density flux tube to

the forward rapidity. While with f = 1, the longitudinal
momentum P, (x,y) is attributed to the longitudinal flow
velocity instead. Let us note here that ensuring the net
longitudinal momentum conservation introduces an anti-
correlation between the shifts of the energy density flux
tubes in the ny direction and the size of the longitudi-
nal flow velocity. As we will see in the following section,
varying the parameter f results in strong dependencies in
the A’s polarization and the slope of pion’s directed flow
dvy /dy. Therefore, these two experimental observables
can tight constraints on the parameter f.

In addition to the initial energy and momentum dis-
tributions, the non-zero net baryon number current is
considered for heavy-ion collisions in the RHIC BES pro-
gram. The net-baryon number density current has the
form of

Jg(x7y>ns) = nB(x7y7ns) U”(%y»ns)- (21)
Here np(x,y,ns) represents the local net baryon density

’le(l’,y, 77@) = TA(I7y) f;),qg (ns) + TB(I7y) fn?B (nﬁ)a(22)

where its space-time rapidity dependence is characterized
by asymmetric Gaussian functions f7 and f2 asin [43],

_ 2
s (1) = Moy {9(7,5 — NB.o) exp [_(777730)]

2 GQB,out
. 2
+ 0(nB,0 — ns) €xp lW} } (23)
OB,in
s +18,0)>
ijBB (ns) = NnB {0(778 + 773,0) exXp [W]
B,in
s + 2
+0(-n0 — n) e l—(’g”B)] } (21)
UB,out

The relevant parameters 1 o, 0,in and 0B out are deter-
mined, such that the net proton rapidity distribution is
reproduced [39]. We will use the same initial-state model
parameters as those in the Table I of Ref. [39] and only
vary the new longitudinal momentum fraction parameter
f in this work. We have checked that the parameter f has
negligible effects on most of the global observables such as
the pseudo-rapidity distributions of particle yields, iden-
tified particle’s mean pr, and elliptic flow coefficient at
midrapidity.

B. Hydrodynamic evolution and fluid vorticity

In this work, we use the open-source 3D viscous hy-
drodynamic code package MUSIC [43-47] to simulate fluid
dynamical evolution of the system’s energy, momentum,
and net baryon density,

8, T = 0, (25)
B b =0, (26)



where the energy-momentum tensor is defined as

™ = eutu” — (P +T)A*Y + 7. (27)
The system’s energy-momentum tensor is composed by
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 = gh¥ — uHuY
with the metric ¢*” = diag(1l,—1,—1,—1). Hydrody-
namic equations are solved together with a lattice QCD
based Equation of State (EoS) at finite baryon density,
NEOS-BQS, in which the strangeness neutrality condition
and electric charge density ng = 0.4np as imposed [48].

In this work, we do not consider viscous effects from
bulk viscous pressure, IT = 0, nor the net baryon diffusion
effects. The shear stress tensor is evolved according to
the following equation of motion [49],

7. D) v = 2n ot — SpnmhvO + <p77ré“7r”>°‘
_Tﬂﬂﬂéﬂawa + Aﬂ'HH ot . (28)

Here D = u®0, is the comoving time derivative and
Alw) = AZ;A“B denotes symmetrized and traceless pro-
jections with

1
AZ; = (A“ oA g+ AV (AP ) — gA“VAag. (29)
In Eq. (28), n denotes the shear viscosity and 7 is the re-

laxation time, which controls the time scale for the shear
stress tensor to relax to its Navier-Stokes value. The ve-
locity shear tensor is defined as o#¥ = %(V“u” +VVur)—
TAM(V - u), where V¥ = AF*9,. Additional second-
order gradient terms are included with their transport
coefficients {8, @7, Trr, Aqmr} according to the DNMR
hydrodynamic theory [49, 50]. We use a temperature
and pp dependent specific shear viscosity (n/s)(T, 1g)
in our hydrodynamic simulations as in Ref. [39]. This
(n/s)(T, up) is constrained by the elliptic flow measure-
ments from the RHIC BES phase I [51].

During hydrodynamic simulations, the fluid kinematic
vorticity tensor can be computed as,

wh = % (0" u* — O*uY). (30)

One can also define the transverse kinematic vorticity
tensor with the spatial projection operator,

pyo
wKJ__

(V”u“ - VHuY), (31)
The transverse kinematic vorticity differs from the kine-
matic vorticity tensor by the local acceleration,

W

1 1
Wi L 5(8”11“ é(u”Du“ — u*Du”)

— O"uY) —

1
why — §(u”Du“ —u*Du"). (32)

The thermal vorticity is defined as

wif(5)eE)] e

— l By " v mo_ “w v
=7 {wK T[(B T)u" — (0"T)u ]}
and the T-vorticity is
wh’ = % (0" (Tu*) — 0" (Tu")) (34)
1
— 1224 . v no_ 1% v
—T{wK + 2T[(8 T)u" — (*T)u ]}

The thermal and T-vorticity tensors receive opposite con-
tribution from the temperature gradient terms. We will
explore the theoretical uncertainty of computing the hy-
peron’s spin polarization with different types of vorticity
tensors in Appendix A.

C. Evolution of the fluid vorticity near midrapidity

We define the collision impact parameter along the +x
direction and points from the target nucleus to the pro-
jectile. In this convention, the global OAM points to
the —y direction. The A hyperon’s global polarization
is defined as its polarization component along the global
OAM direction, which is related to the xz component of
the thermal vorticity tensor w!}’. It is instructive first to
study the time evolution of w{j? during the hydrodynamic
evolution. We define the thermal vorticity averaged over
a given space-time volume weighted by the local energy
density,

, - dnsfd zewl)
(win (1) = = : (35)
- dns [d?z e

For midrapidity fluid cells, we choose a symmetric space-
time rapidity window, n™" = —0.5 and 7% = 0.5.

As Fig. 1 111ustrated the longitudinal rapidity fraction
parameter f controls how much of the global OAM is
attributed to the initial local fluid vorticity. We find
that the initial averaged fluid vorticity (w!}’) has a good
linear dependence on the model parameter f.

Figure 2a shows the evolution of the averaged fluid
vorticity in 20-30% Au+Au collisions at 200 GeV with
different values of f. With the parameter f = 0, all
the system’s OAM is attributed to the shifts of energy
density flux tubes along the 75 direction. The entire sys-
tem starts with zero fluid vorticity w{y’ at the beginning
of hydrodynamic simulations. We obberve that the av-
eraged (w(?) increases rapidly during the first fm/c of
the hydrodynamic evolution and saturates around with
a magnitude of 10~ afterward. Our result suggests that
the pressure gradients inside the fluid can develop vor-
ticity within a time-scale of 1 fm/c, but the size is small
at 200 GeV. With a non-zero f value in the initial-state
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FIG. 2. (Color online) Panel (a): Time evolution of the aver-
aged thermal vorticity of fluid with different longitudinal ra-
pidity fraction f in mid-rapidity 20-30% Au+Au collisions at
200 GeV. Panel (b): Time evolution of the averaged thermal
vorticity of fluid for four centrality bins in Au+Au collisions
at 200 GeV with f = 0.2.

model, a fraction of the OAM is attributed to non-zero
initial fluid vorticity. In these cases, the averaged (wi?)
decreases monotonically as a function of 7. This qualita-
tively different time evolution between f =0 and f # 0
indicates that the initial-state longitudinal flow distribu-
tion dominates the fluid thermal vorticity w{? (related to
the global polarization) in heavy-ion collisions.

Figure 2b shows the evolution of the averaged fluid
vorticity (wii?)(7) in four centrality bins in Au+Au col-
lisions at 200 GeV. With all the model parameter fixed,
the initial fluid vorticity is larger in the more peripheral
centrality bin. This centrality dependence is because of
the large local asymmetry between T4 and Tp in the
peripheral collisions. The time evolution of (w%?)(7) is
qualitatively the same for all centrality bins in the hydro-
dynamic phase. Our results have qualitatively the same
behavior as those in the transport models [15].

D. The averaged spin vector of fermions

For spin-1/2 fermions, the average spin vector (defined
as the Pauli-Lubanski vector) over the hyper-surface ¥,
can be computed as [34]

1 [ d3SapAr

SH(pt) = — L~ —*¥7 © | 36
(p ) 4mfd32apan0(E) ( )
Here, the axial vector is defined as,
AP = Bng(E)(1 —no(E))
va 1 th b; KB
x eMv ey |: _ %p’/wa“/ — ﬁfEupr_aV,y?
»?

_fu”QD‘ pap"/} ; (37)
where B = piu,, pfl = APp,, and QU = —ZiL 4

P
%A‘“’. Here €77 is the Levi-Civita tensor and we choose
the convention €/*¥* = 1. We denote the term related to
V. (uB/T) as the pup Induced Polarization (ppIP) [33]
and the last term related to the velocity shear tensor as
the Shear Induced Polarization (SIP)! [34, 35]. Equa-
tions (36) and (37) assume that the hyper-surface fluid
cells reach local thermal equilibrium. The fermions emit-
ted at early-time of the evolution could receive sizable
out-of-equilibrium corrections.

In this work, we compute A and A’s spins on a con-
stant energy hyper-surface with e = ey, on which fluid
cells are converted to hadrons via the Cooper-Frye pre-
scription. Hadrons are further fed to the UrQMD hadronic
transport. Because UrQMD does not distinguish hadrons’
spins in their evolution, we assume the spins of A and
A are frozen-out at e = egy in this work. The values
of egy are adjusted to match the proton yield in every
collision energy at the RHIC BES program [52]. We will
study how our results depend on the choice of egy in
Appendix B.

The averaged polarization vector in the lab frame is

Pl (") = 5" (p")/(S). (38)

In the RHIC experiments, the polarizations of A and A
are measured in the particle’s local rest frame,

0 51 L
P . D Pap(®")
PHp") = Pl (0") - — =

and

1 We notice that the shear-induced Polarization term has a differ-
ent expression in [35], where u, was replaced by a global time
vector t, = (1,0,0,0) and the o, included additional temper-
ature gradients. While the exact form of the SIP is still under
debate, we will carry out calculations with the SIP definition in
Eq. (37) in this work. Our conclusions do not depend on the
exact forms of the SIP term.



In the A’s local rest frame, the time component of P* is
zero, which serves as a non-trivial test for the numerical
implementations.

It is instructive to understand the time development
of A hyperon’s polarization during hydrodynamic evo-
lution. Based on Egs. (36) and (38), we can compute
the differential polarization vector as a function of the
hydrodynamic proper time 7,

R S N Al
im —— :
AT—0 (S) 4m f:+AT A3 0png(E)

(41)

Igll;b(pua 7_) =

We then boost the P[, (p*,7) to the hyperon’s local rest
frame with Eq. (40) and denote it as P*(p*, 7). Please
note that we normalize the differential polarization vector
by the number of hyperon emitted within the A7 interval,

dN

I —(pt, ) =

1 T+AT 5
Jim / ESapno(E).  (42)

The momentum-integrated hyperon polarization at time
T can be computed as a yield-weighted average,

dS
[ FPr ) g et r)

PE
ok (fi]:—] (p*,7)

PH(T) =

(43)

To study P*(7)’s contribution to the total hyperon po-
larization, we need to weight P*(7) with the number of
hyperon emitted at every time step T,

APr P[RR T) “
Ar VT Ppan ' (44)
Jdr (p#,7)

Figure 3a shows that the averaged hyperon polariza-
tion as a function of the longitudinal proper time. The
PY(7) drops sharply during the first 0.5 fm/e¢, follow-
ing the evolution of averaged (w{?) in Fig. 2. Then
PY(7) gradually increases and reaches its peak around
2.5 fm/c in the hydrodynamic evolution, which is from
the wl’s contribution in Eq. (37). Figure 3b shows the
hyperon production is dominated by the time-like surface
elements (enhanced by the 7 factor in the Jacobian) in
the Cooper-Frye particlization at late time. By weighting
PY(7) with the number of hyperons emitted at every time
step in Eq. (44), we find that most contributions to the
total polarization come from late time of the hydrody-
namic evolution, as shown in Figs. 3c and 3d. Although
the early-time emitted hyperons are also largely polarized
and could receive sizable out-of-equilibrium corrections,
their net contributions to the total polarization remain
small. Figure 3c demonstrates the effects of different fluid
gradients in Eq. (37) on the development of A’s global po-
larization during hydrodynamic evolution. The thermal
vorticity gives the dominant contribution to A’s global
polarization. The contribution of shear-induced polar-
ization (SIP) to the integrated global polarization is neg-
ligible as expected from its tensor structure in Eq. (37).

|
=]
o
S
o)

I

|

L | | I30 40% AL:AU @ 200 IGeV
(L A I e B e A B

" 30-40% AuAu @ 200 GeV
A

§ 0.00075

Q
~

) =N B
a 0.00050
/: N ‘fll
E‘?U'OOO% = o SIP
L h
4 k2 "/ t1/
1 0.00000F %===+ g ﬁ‘h + SIP + uBIP

—_ F 30-40% AuAu @ 200 GeV
0.000755

A
o
S
S
g
=)

I

______ A W

Wk

E '0' ______ S ]

= 0.00025F L Awi 3

= F Ry —— AW+ SIP + pplP ]

I 0.00000F seeet —— AWl +SIP + pplP ]
PN BRI RS B
1 2 3 4 5

7 (fm/c)
FIG. 3. (Color online) Panel (a): The hyperon’s global po-

larization as a function of hydrodynamic proper time. Panel
(b): The hyperon production as a function of 7. Panel (c):
The time development of A’s global polarization with differ-
ent fluid gradients. Panel (d): The comparison of A and A’s
global polarization developments. The results are for A and
A with pr € [0.5,3.0] GeV and |y| < 1 in 30-40% Au+Au
collisions at 200 GeV with the longitudinal rapidity fraction
f=0.2

The pp/T gradients suppress the A’s global polarization
by roughly a constant over time.

Figure 3d further compares the time development of
A and A’s global polarization in 30-40% Au-+Au col-
lisions at 200 GeV. With the non-zero baryon density
in the fluid, A hyperons receive larger contributions to
their global polarization from the fluid thermal vorticity
than those to A. This effect is caused by the pp’s dipo-
lar transverse distribution in the forward and backward
space-time rapidities, which imprint the shapes of the
projectile and target nuclei’s nuclear thickness functions
as in Eq. (22). The pup gradient-induced polarization
(upIP) gives opposite contributions to A and A. It can-
cels the difference between A and A during the first two



fm/c of the evolution and contributes more to A in the
late stage.

IIT. POLARIZATION RESULTS AT THE RHIC
BES PROGRAM

Before we compare our calculations of the A and A’s
global polarization with the RHIC BES measurements,
it is essential to understand the effects of the longitudi-
nal rapidity fraction parameter f on various experimen-
tal observables. On the one hand, we checked that this
model parameter does not have noticeable effects on par-
ticle rapidity distribution, mean transverse momentum,
nor elliptic flow coefficient at mid-rapidity. On the other
hand, it shows strong sensitivity to the A’s global polar-
ization and the slope of rapidity dependent 7’s directed
flow, dvi/dy|y=o. These two experimental observables
are sensitive probes to the initial longitudinal flow and
the energy density’s space-time rapidity distribution.

Figure 4 shows that the magnitudes of A’s global po-
larization are very sensitive to the value of the longitu-
dinal rapidity fraction parameter f in our model. With
f = 0, the entire fluid starts with zero w”* at the be-
ginning of hydrodynamics. The P} remains almost zero
in the mid-rapidity region, which is expected from the
thermal vorticity evolution shown in Fig. 2. We find a
constant f = 0.15 can give a good description of the
centrality dependence of the P} in Au+Au collisions at
200 GeV, while the results with f = 0.5 already over-
estimate the STAR measurements by a factor of two.
Figure 4b shows the global polarization decreases mono-
tonically as a function of pr. Due to the presence of the
thermal distribution ng(p - ) in the expression for the
polarization, one can also anticipate that the global spin
polarization can receive significant contribution from A*
at low momentum. At zero transvese momentum limit
p“ = (m7 07 07 O)a

PY = Pl'Zb x AY = ng(m)(1 — no(m)) { — mwgy

._zzul zmuj
bz( u* 0 T—|—u8 T)

+%(—u’”atz + uzat”)]. (45)

We have checked that the dominant numerical contribu-
tion comes from the thermal vorticity tensor wij?. There-
fore, the global polarization at zero transverse momen-
tum is directly related to the fluid thermal vorticity com-
ponent wy;?, recovering the non-relativistic limit. While
for finite pr, the w{f and w{f give additional relativistic
contributions to A’s polarization. A larger longitudinal
rapidity fraction f in the initial condition results in a
larger global polarization PY at pr = 0 and a steeper
decrease as pr increases.

Finally, Figure 4c shows the pseudo-rapidity depen-
dence of Py. In semi-peripheral Au+Au collisions at 200
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FIG. 4. (Color online) The global A polarization’s dependence
on the initial-state longitudinal rapidity fraction in Au+Au
collisions at 200 GeV compared with the STAR measurements
[63]. The A’s global polarization is computed with all the
gradient terms in Eq. (37). Panel (a) shows the P}’s centrality
dependence. Panel (b) presents the pp-differential Py in 20-
60% Au+Au collisions. Panel (c) shows the pseudo-rapidity
dependence of P}.



GeV, the polarization P} has a plateau for |n| < 2 and
increases in the forward and backward rapidity regions.
Different values of f shift the magnitude of P¥Y(n) by
constants for |n| < 2.

10-40% Au+Au @ 7.7 GeV

FIG. 5. (Color online) The directed flow of 71 as a function of
rapidity with different initial-state longitudinal rapidity frac-
tion f for 10-40% Au+Au collisions at 7.7 GeV compared
with the STAR measurement [54].

Figure 5 shows a strong positive correlation between
the slope of pion’s directed flow and the initial longitu-
dinal rapidity fraction parameter f in our model. As
the value of f varies from 0 to 1 in the model, there are
fewer longitudinal shifts of initial energy density distri-
bution as shown in Fig. 1, which result in a reduction
of dipolar transverse deformation in the initial energy
density profile in forward and backward space-time ra-
pidities. Therefore, simulations with a large f value give
a small slope for the pion’s directed flow dv;/dy at mid-
rapidity. We find that f = 0.5 is preferred for Au+Au
collisions at 7.7 GeV compared with the STAR measure-
ments. The positive dvy /dy in the f = 1 case is generated
by the dipolar deformation of the initial state net baryon
density in the calculation.

Figures 4 and 5 show that the longitudinal rapidity
fraction parameter f can be tightly constrained by these
two experimental observables. Figure 6 shows the main
results of this work. We adjust the parameter f at every
collision energy to match the slope of the pion’s directed
flow at mid-rapidity and make predictions for A’s global
polarization. We find that the f increases from 0.15 to
0.5 as the collision energy goes down from 200 GeV to
7.7 GeV. A larger f is needed at lower collision energy,
indicating that more longitudinal momenta of the system
are attributed to the initial longitudinal flow velocity at
the lower collision energy. The initial density and veloc-
ity profiles for hydrodynamics are further away from the
Bjorken boost-invariant assumption at the lower collision
energy. With the parameter f constrained by the pion’s
directed flow measurements, our model shows a reason-
able description of the global polarization of A and A in
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FIG. 6. (Color online) Panel (a): The value of longitudinal
rapidity fraction f as a function of collision energy. Panel
(b): The slope of 7" directed flow at y = 0, dvi/dy|y=o,
compared with the STAR measurements [54]. Panels (c) and
(d): The global A polarization in 20-50% Au+Au collisions as
a function of collision energy. Calculations including different
gradient terms are compared with the STAR measurements
[1]. The STAR polarization data points are rescaled by 0.877
because the latest hyperon decay parameter aa [55].

Fig. Ge.

With the constrained f in our model, we can estimate
the amount of OAM left in the fluid at mid-rapidity after
the initial impact at different collision energies. Based on
OAM given by Eq. (4), Figure 7 shows that only about
0.5% of the total OAM remains in the mid-rapidity region
of 20-30% Au+Au collisions at 200 GeV. This relative
fraction of OAM increases as the collision energy goes
down. At 7.7 GeV, the relative fraction increases up to
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FIG. 7. (Color online) Panel (a): The percentage fraction of
orbital angular momentum (OAM) in the mid-rapidity region
[ns] < 0.5 relative to the system’s total OAM from the par-
ticipant nucleons for 20-30% Au+Au collisions at the RHIC
BES energies. Panel (b): The system’s total and mid-rapidity
OAM as a function of the collision energy.

~ 15% of the total OAM in the collision systems. Fig-
ure 7b shows that although the total OAM increases with
collision energy the absolute OAM in the mid-rapidity
region remains around 100-200 A for 20-30% Au+Au col-
lisions from 7.7-200 GeV.

We make further comparisons with different gradient
terms in the global polarization observables in Figs. 6¢
and 6d. We note that thermal vorticity gives the dom-
inant contribution to the global A polarization. The
shear-induced polarization is negligible, while the ppg-
induced polarization flips the ordering between A and
A’s polarization in all energies. This result demonstrates
that the up distribution inside fluid is important to deter-
mine the difference between the A and A’s polarization.
This conclusion is inline with the finding in Ref. [56].

In Figs. 8, 9, and 10, we further compare the centrality,
pr, and pseudorapidity dependence of A’s and A’s global
polarization with the STAR measurements at 200 GeV,
respectively [53].

Figures 8a and 8b show that our model calculations
provide a good description of the centrality dependence
of the STAR data at 200 GeV. The ugIP terms reverse
the difference between A and A’s global polarization,
which suggests that the evolution net baryon density and
its gradients are crucial to understand the difference be-
tween A’s and A’s global polarization. Figure Sc further
show our prediction for the A polarization at 7.7 GeV
with all the gradient terms included.

In Figs. 9a and 9b, we find that our results with only
thermal vorticity has a weak pr dependence. According
to Eq. (37), the SIP terms introduce a linear dependence
of P¥ on hyperon’s momentum. Because the total con-
tribution from the SIP terms vanishes when integrating
over the momentum, they enhance the P¥ in small py but
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FIG. 8. (Color online) Panels (a) and (b): The centrality

dependence of the global A polarization with different gradi-
ent terms in Au+Au collisions at 200 GeV compared with the
STAR measurements [53]. Panel (c¢): Model prediction for P}
at 7.7 GeV. The STAR polarization data points are rescaled
by 0.877 because the latest hyperon decay parameter aa [55].

suppress it for pr > 1 GeV. Despite the current STAR
measurements contains significant uncertainties, our re-
sults with SIP show a stronger pr dependence than the
data. In the meantime, the ppIP terms invert the order-
ing between A and A. Figure 9c shows our prediction at
7.7 GeV which has the same pr dependence as those in
the 200 GeV.

Figures 10a and 10b show the pseudo-rapidity distri-
bution of the global polarization for A and A at 200 GeV
with different gradient terms. Both P{ and P{ have a
plateau structure within || < 2. Using thermal vorticity
results in a slightly larger polarization for A than that of
A. In the forward and backward rapidity regions |n| > 2,
the magnitudes of PY increase rapidly in our model. The
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pupIP terms give different contributions to A and A and
reduce the difference in the forward and backward rapid-
ity regions.

We further provide our model prediction with all the
gradient terms included for 7.7 GeV in Fig. 10c. The
plateau window of A’s polarization shrinks as the col-
lision energy goes down. At 7.7 GeV, the P} remains
approximately constant within || < 1 and increases in
the forward and backward rapidity regions.
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IV. CONCLUSIONS

In this work, we develop a hybrid dynamical frame-
work, which explicitly conserves energy, momentum, and
orbital angular momentum from the initial collision ge-
ometry to the following hydrodynamic evolution. We in-
troduce the longitudinal rapidity fraction parameter f to
vary how local net longitudinal momentum is distributed
to flow velocity and energy density rapidity profile. This
model parameter controls the amount of fluid vorticity
correlated with the initial OAM at the beginning of the
hydrodynamics. We study the evolution of the fluid vor-



ticity during the hydrodynamic phase and find that the
fluid expansion monotonically reduces the space-time av-
eraged fluid vorticity as a function of time. Therefore, the
initial distribution of fluid vorticity has a strongly corre-
lation with their values at particlization and the magni-
tude of the hyperon’s global spin polarization.

Our phenomenological studies have shown that the
pion’s directed flow and global polarization of A hyper-
ons together can set strong constraints on the size of
initial longitudinal flow velocity at different collision en-
ergies. By fitting the STAR measurements, we quan-
tify the amount of orbital angular momentum left in the
midrapidity fluid after the initial impact. We find that
about 0.5% of the total OAM remains at the mid-rapidity
for 20-30% Au+Au collisions at 200 GeV, and this rel-
ative fraction increases to ~15% at 7.7 GeV. The cen-
trality, pr, and pseudorapidity dependence of P} show
reasonable agreement with the STAR measurements at
200 GeV.

We further quantify the effects of new gradient terms
proposed in Refs. [32-35] on the global spin polarization
of A hyperons. The global polarization Py receives the
dominant contribution from the fluid’s thermal vorticity
at the particlization hyper-surface. The shear-induced
polarization introduces a sizable pr dependence to A’s
global polarization, while its net effect on the integrated
polarization is small. The pp-induced polarization can
alter the ordering between A and A’s global polariza-
tion, which indicates that the difference between A and
A’s global polarization may not be related to a non-zero
magnetic field at freeze-out. A similar conclusion is made
in Ref. [56].
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Appendix A: Estimate spin polarization with
different vorticity tensors
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FIG. 11. (Color online) The global A polarization computed
with different vorticity tensors with f = 0.15 in Au+Au col-
lisions at 200 GeV compared with the STAR measurements
[53]. The STAR polarization data points are rescaled by 0.877
because the latest hyperon decay parameter aa [55].

Within fluid dynamical evolution, different types of
vorticity tensors can be defined as those in Egs. (30)-
(34). The authors in [28] proposed that calculating A
spin polarization with the T-vorticity could reproduce



the correct azimuthal dependence of the longitudinal po-
larization measured by the STAR Collaboration [57]. It
is possible that the hyperon’s spin polarization could be
related to these fluid vorticity tensors. In this appendix,
we will compute the A’s global polarization with the vor-
ticity tensors defined Eqs. (30)-(34),

1 [d3Eap®no(E)(1 —no(E))e" 7 p, Qo

SH(ph) — — ’
) =—%m [ d3Sapno(E)
(A1)
ay Lo we )
where Q7 = 2K I 80 S [28]. We interpret

their relative variations as the theoretical uncertainties
in our calculations. The SIP’s and ppIP’s contributions
remains the same as those shown in Figs. 8-10.

Figure 11 shows the centrality, pr, and pseudorapid-
ity dependence of global A polarization computed with
different types of vorticity tensor. The kinematic, ther-
mal, and T vorticity tensors give very close results of Py
as functions of centrality, pp, and pseudorapidity within
In| < 2. These results means that the temperature gradi-
ents do not generate a significant contribution to the az-
imuthally integrated global polarization. The transverse
kinematic vorticity differs from the kinematic vorticity by
the fluid acceleration, as shown in Eq. (31). The differ-
ence between the results from these two vorticity tensors
shows that the fluid acceleration suppresses the overall
magnitude of global polarization by ~ 40%. This sup-
pression grows with py as shown in Fig. 11b.

Appendix B: The freeze-out energy density
dependence on A’s global polarization

In hydrodynamic + hadronic transport models, the
spin polarizations of A and A hyperons are often com-
puted at the particlization hypersurface but not at ki-
netic freeze-out because it is difficult to track and model
the spin information in the microscopic hadronic trans-
port models. In this appendix, we explore the sensitivity
of the A’s global polarization on the particlization energy
density of hypersurface.

Figure 12 shows how the global A polarization depends
on the switching energy density. The overall magnitudes
of the global polarization of A decrease with the egy,
which is the consequence of smaller fluid gradients on
the switching hypersurface with lower eg,. The gradi-
ents of temperature and flow velocity decrease roughly
as 1/7 at late time of the hydrodynamic evolution [58].
Because the fireball lives longer with a lower switching
energy density, the magnitudes of thermal vorticity ten-
sors decreases with eg, as indicated in Fig. 2.

Figure 12a shows that the P} as function of central-
ity is 5-10% smaller with the smaller eg,,. In addition to
the overall suppression, the shape of Py (pr) gets flatter
at lower switching energy density as shown in Fig. 12b.
The change in the pr dependence is caused by a larger
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radial flow as the fireball evolves longer to the lower egy,
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FIG. 12. (Color online) The global A polarization’s depen-
dence on the switching energy density in Au+Au collisions at
200 GeV compared with the STAR measurements [53]. The
STAR polarization data points are rescaled by 0.877 because
the latest hyperon decay parameter ap [55].

hypersurface. The stronger radial flow blue-shifts more
A to high pr, flattening the P} (pr). Finally, Figure 12¢
shows that a lower ey, hypersurface results in an over-
all suppression of P} (n) with the n-dependence roughly
unchanged.
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