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Probing vortical structures in heavy-ion collisions at RHIC-BES energies through
helicity polarization
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We investigate the azimuthal angle dependent local hydrodynamic helicity polarization of A hyperons, defined
as the projection of the spin polarization vector along the directions of particle momenta, at BNL Relativistic
Heavy Ion Collider beam energy scan energies by utilizing the relativistic (3 + 1)D CLVisc hydrodynamics
framework with SMASH initial conditions. As opposed to local spin polarization at high energy collisions, our
hydrodynamic simulations demonstrate that the azimuthal angle dependent helicity polarization induced by the
kinetic vorticity dominates over other contributions at intermediate and low collision energies. Our findings
provide an opportunity to probe the fine structure of local kinetic vorticity as a function of azimuthal angle at
intermediate and low collision energies by mapping our predictions to the future measurements in experiments.
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Introduction. Spin, as a fundamental property of particles,
plays a critical role in high-energy physics, e.g., proton spin
puzzles (see recent reviews [1,2] and references therein). Re-
cently, a major breakthrough related to the spin polarization
in the relativistic heavy ion collisions has drawn widespread
attentions. In noncentral heavy-ion collisions, two heavy nu-
clei are accelerated to nearly the speed of light and collide
with each other. These collisions generates a large amount of
orbital angular momentum, estimated to be on the order of
10°7. Such huge orbital angular momentum will be partially
converted into spin polarization of the hadrons by spin-orbit
coupling proposed by the pioneer works [3—5]. The STAR col-
laboration at the BNL Relativistic Heavy-Ion Collider (RHIC)
has measured the global polarization of A and A hyperons [6].
The results show that the vorticity of the quark-gluon plasma
(QGP) generated in the collisions is as large as w ~ 10?2 57!,
making it the fastest vortical system observed in nature to
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date. The global polarization has been well understood by
various phenomenological models [7-26].

Interestingly, the polarization along the beam and out-of-
plane directions, namely, the local spin polarization has been
measured by STAR [27,28] and ALICE [29], and are investi-
gated by many different models, e.g., the statistical methods
[30-32], quantum kinetic theory [33-69], spin hydrodynamics
[70-98], other effective theories [99-101], and phenomeno-
logical simulations [12,16,17,19,102—110]. It is found that the
local spin polarization can be induced by various sources,
including the thermal vorticity, shear viscous tensor, fluid
acceleration, gradient of baryon chemical potential over
temperature, and electromagnetic fields [20,56,100,101,111—
117]. These studies have also been extended to low-energy
collisions [19,20,23,118-126] and isobaric collisions [127],
as well as to the discussion on the vortical smoke rings
[128,129]. Despite the global polarization having provided
insight into the kinetic or thermal vorticity as a function of
collision energies, the fine structure of the vorticity, such as
its dependence on the azimuthal angle, have not been fully ex-
plored. These information may not been accurately captured
by the local spin polarization due to the considerable influence
of other sources beyond the thermal vorticity. In this work, we
extend our previous studies [130] and demonstrate that the
helicity polarization can help us to probe the fine structure of
kinetic vorticity in low-energy collisions.

Helicity polarization, defined as the projection of spin
polarization vector onto the direction of the particles’ momen-
tum, is widely used for characterizing the spin polarization
in high energy physics [131]. In many high-energy scattering
processes, there are no preferred quantization directions for
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spin, unlike the case of global polarization where the direction
of the initial orbital angular momentum is naturally chosen
as the quantization direction. In such cases, helicity is often
preferred over spin to describe the spin polarization.

Back to the heavy ion collisions, the use of helicity po-
larization allows us to probe a distinct feature of the spin
polarization for A and A hyperons [132,133]. As mentioned
previously, it is challenging to distinguish the local polariza-
tion of A hyperons induced by different sources through the
experimental measurements. Remarkably, our previous study
[130] has found that the local helicity polarization induced
by thermal vorticity dominates over other contributions at
A/Snv =200 GeV Au-+Au collisions. We argue that helicity
polarization induced by kinetic vorticity, as part of thermal
vorticity, will play the crucial role to the total helicity polar-
ization in the low-energy collisions. Consequently, we further
proposed that this finding can be utilized to probe the local
strength of kinetic vorticity as a function of azimuthal angle
in low-energy collisions by measuring helicity polarization.

To verify our conjecture, we utilize the relativistic (3 + 1)D
CLVisc hydrodynamics framework [23,134,135] to investi-
gate the azimuthal angle dependence of hydrodynamic helic-
ity polarization at RHIC beam energy scan (BES) energies
in this work. We report the numerical simulation of hydro-
dynamic helicity polarization at /syy = 7.7, 19.6, 39 GeV
Au+-Au collisions with simulating many accelerated strongly
interacting hadrons (SMASH) [136-142] initial condition. As
anticipated, the helicity polarization induced by the kinetic
vorticity is one order of magnitude larger than other con-
tributions in low-energy collisions. This finding holds even
when we choose a multiphase transport (AMPT) [143-146]
initial conditions or different baryon diffusion coefficients.
Our study presents an approach to investigate the structure
of kinetic vorticity in low-energy heavy-ion collisions by
connecting hydrodynamic simulations with the measurable
helicity polarization. The finding can also provide a baseline
for the investigation on local parity violation through the
correlations of helicity polarization proposed by [132,133].

This paper is organized as follows. We next briefly, intro-
duce the theoretical framework and hydrodynamical setup for
the helicity polarization. We then present our numerical re-
sults of the helicity polarization at various collision energies,
initial conditions, and baryon diffusion coefficients, and then
summarize our findings. Throughout this work, we adopt the
Minkowski metric g,,, = diag{+, —, —, —} and the projector
AW = g" — yty” with u being fluid velocity.

Theoretical and numerical framework. We follow
Refs. [30,130,132,133] to introduce the theoretical framework
for the helicity polarization in relativistic heavy ion collisions.
The helicity polarization for a relativistic particle with mass
m is defined as

S" =p-S(p). (1

Here, we parametrize the momentum of an on-shell
particle as p* = (y/|p|*> + m2,p) = (Vp% + m? coshY,
pr oS ¢y, prsing,, ¥V pi + m?sinhY), where pr is the
transverse momentum, Y is the momentum rapidity and
¢, is the azimuthal angle, p =p/|p| is the unit vector

along the direction of momentum, and S(p) is the spatial
component of the single-particle mean spin polarization
vector $*(p). The spin polarization vector S (p) for fermionic
systems can be evaluated by using the modified Cooper-Frye
formula [9,10,59,114], under the assumption of local thermal
equilibrium,

2mp [dE - N(p,X)’

where d¥# is the normal vector of the freeze-out hypersur-
face, m, denotes the mass of A hyperons, and ._75” (p, X)
and N'*(p, X) stand for the axial-charge and number-density
current in the phase space, respectively.

Inserting the 72 (p, X) obtained from chiral kinetic theory
up to O(h) [59] into the spin polarization vector S*, we derive
the helicity polarization [23,114,130],

hermdl (p) + Sshedr(p) + SZCCT (p)
+ Schemical (p)’ (3)

S'(p) = @)

Sl};ydro (p) =

where

a 1]k uk
St}llqermal(p) = /dz Fapoéojkp,a (T)’

Ot/k"z

P Po

Sh () = /dEU W(P o jUi),
Ol]k’”t
h op P Po o T

Sher(P) = /dE T][(u < Dug + Ti|

0ijk 4

o POE " Di "
Scl:lhemical(p) = _Z/dz FﬂTp)aj(T>uka (4)

stand for the contributions from thermal vorticity, the
shear viscous tensor, the fluid acceleration minus the
gradient of temperature 7, the gradient of baryon chem-
ical potential p over temperature, respectively. Here,
we introduce 7, ; = Oouj + 0jus — Us(u - d)u; and FF =
h[SmAq>(p)]_1preq(1 - feq)s q’(P) = deMprelp We also
assume that the system reaches the local thermal equilib-
rium for simplicity, i.e., we choose f., = 1/[exp[(p"u, —
w)/T] + 1]. For other decomposition of spin vector, we refer
to Refs. [100,101,103,111-113]. For convenience, we further
decompose helicity polarization induced by thermal vorticity
St . into two separate terms [130],

St (p) = /dE"F 2% ux vr),

Sh(p) = f as°E % o )

denoting the polarization related to the gradient of tem-
perature, and caused by the kinetic vorticity @ =V X u,
respectively. Later on, we will see that the above decompo-
sition can improve our understanding of helicity polarization.

Since the electromagnetic fields generating by the colli-
sions decay rapidly [147-155] and are negligible at the late
stage, we omit the helicity polarization induced by electro-
magnetic fields for simplicity. In general, an axial chemical
potential, characterising local parity violation, near the freeze-
out hypersurface also contributes to the helicity polarization
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[132,133]. However, the event-by-event averaged axial den-
sity or axial chemical potential is almost vanishing. We
therefore exclude these contributions in the analysis of helicity
polarization. We also notice that in the absence of the axial
charge the system has the space reversal symmetry, which
leads to S{l’ydro(Y, o) = —Sﬁydm(—Y, ¢, + 7). More discus-
sions on the properties of helicity polarization can be found
in Refs. [130,132,133].

Similar to the local spin polarization in heavy ion col-
lisions, e.g., see Refs. [19,20,23,113,130], we propose a
possible physical observable followed Ref. [130]:

2[5 Y I prd pri®(p)Sy]

Ymax max :
S @Y [y, prdpr®(p)

Py(p) =

(6)

The prefactor 2 in the numerator comes from experimental
measurement of local spin polarization, which is proportional
to %S“(p) with s = % for the A hyperons. Note that the S”
defined in Eq. (1) is not a Lorentz scalar. In the current study,
we define the polarization three-vector S in Eq. (6) in the
laboratory frame, while the one defined in the rest frame of A
hyperons can easily be derived by the Lorentz transformation,

S=8- EA((';A—% with E, being the energy of A hyperons.

Similarly, the helicity polarization can also be defined by &',
ie,p-S'=5p-S= ’g—/A\Sh.

To investigate the helicity polarization originating from
various sources, we utilize Eq. (3) to express Py as the sum
of four terms and further decompose the thermal-vorticity
contribution in light of Eq. (5),

P[t{otal — P[t_}lermal _i_P[:%]hea.r + PI";CCT + P[c_:lhemical’ (7)
P;}iermal — P;_l]) + PI-YTv (8)

where the superscripts indicate the respective sources.

We utilize the (B3 + 1)D CLVisc hydrodynamics
[23,134,135] to simulate the evolution of the QGP at
different collision energies. We employ the SMASH model
[136-142] for initial conditions and adopt the NEOS-BQS
equations of state [156,157]. Later on, we will also check
the results from the AMPT initial model [143-146]. We have
chosen the simulation parameters according to the studies
[23,135], where the hydrodynamic model has been shown
to successfully reproduce the pseudorapidity distribution of
charged hadrons, as well as the transverse momentum spectra
of protons, pions, and kaons measured in the experiments.
We would like to emphasize that the final results for the
spectra of mesons in low energy collisions are insensitive to a
parameter Cg, which connects to a baryon diffusion coefficient
Kp = %n[% cot(%) — 2L} with n being baryon number and
w being enthalpy density [23,135]. We set Cy = 0 in most of
our simulations unless explicitly stated otherwise. From the
simulations, we obtain the profile of temperature, chemical
potential, and fluid velocity at the chemical freeze-out
hypersurface. By inputting these quantities into Egs. (2), (3),
(6), we derive the helicity polarization as a function of the
azimuthal angle ¢,. The integration bounds for Eq. (6) are
chosen as pr € [0.5,3] GeV and Y € [—1, 1]. We take the
mass of A hyperons, my = 1.116 GeV in Eq. (2), as well as
the mass term in all (u - p) terms of Eq. (4).

Numerical results from hydrodynamics approach. We
present the numerical results for helicity polarization Py (¢,)
induced by various sources as a function of azimuthal angle
in 20-50 % centrality at /syy = 7.7,19.6,39 GeV Au+Au
collisions. Similar to Refs. [27-29], we also compute the
first Fourier sine coefficient of the helicity polarization of A
hyperons, (Py sin¢,), as a function of transverse momentum.

Let us start by discussing the impact of collision energy
on helicity polarization. As the collision energy decreases,
nuclear stopping effects become more prominent and the
larger portion of orbital angular momenta of colliding nuclei is
transferred to the remnants. This leads to an expected growth
of the kinetic vorticity with decreasing collision energies, as
has been suggested by previous studies [16,121,158,159]. The
experimental measurement of global polarization agrees with
this expectation, that is, the global polarization increases as
the collision energy decreases [6]. Naturally, one may expect
that the helicity polarization induced by kinetic vorticity also
follows the same trend, which is clearly observed in Fig. 1.

Furthermore, another important observation from Fig. 1 is
that the P} dominates at intermediate and low collision ener-
gies. Unlike the global spin polarization successfully mainly
described by the contribution from thermal vorticity in global
equilibrium satisfying the Killing condition [160], other cor-
rections such as the shear viscous tensor, gradient of baryon
chemical potential over temperature should be incorporated in
local thermal equilibrium, which play an important role to the
local spin polarization [20,23,112-115,125,126]. Based on
our previous studies [23], the magnitude of local spin polariza-
tion along the out-of-plane direction for A hyperons induced
by shear viscous tensor, fluid acceleration, and V(u/T) at
intermediate and low collision energies is much smaller than
that caused by thermal vorticity. This conclusion holds if we
choose the mass of particles in Egs. (2) and (4) as the mass for
A hyperons. Naturally, we anticipate that the helicity polariza-
tion induced by the thermal or kinetic vorticity dominates over
other contributions.

As an example, we examine the behavior of Py in \/syy =
7.7 GeV Au+Au collisions to demonstrate the contributions
from various sources, as shown in Fig. 2(a). We observe
that the magnitude of Pj; is approximately 10 times greater
than that induced by other sources, which is consistent with
the above analysis for the corrections out of global equi-
librium. Furthermore, we observe that the dependence of
{pghemical | psheary o (paccT pYTY} on ¢, resembles that of
the sine or negative sine function, respectively. Eventually,
pghemical pshear paccT ' p¥T pearly cancel each other out, high-
lighting the dominant role of kinetic vorticity in helicity
polarization.

A natural question that arises is whether the dominant
role of kinetic vorticity in helicity polarization persists for
different initial conditions or parameters. To verify it, we
have studied the helicity polarization at 7.7 GeV Au+Au
collisions as an example using the AMPT initial conditions
in Fig. 2(b), and with a different baryon diffusion coefficient
Cp = 1.2 [23,135] in Fig. 2(c). We find that, regardless of
the implemented initial conditions or the value of the baryon
diffusion coefficient Cg, Pj; is always significantly larger than
the helicity polarization induced by other sources even though
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FIG. 1. Helicity polarization as a function of azimuthal angle ¢, in 20-50 % centrality at ,/syy = 7.7, 19.6, 39 GeV Au+Au collisions
with SMASH initial condition. The red dash-dotted lines denote the helicity polarization induced by the kinetic vorticity w only, i.e., Pj;. The

green dashed lines represent the total helicity polarization excluding Py;.

the magnitudes of helicity polarization from all sources in-
cluding kinetic vorticity are together enhanced by a nonzero
Cg. Therefore, our conclusion that Pj; dominates in P}})tal is in-
dependent of initial conditions or Cp. The helicity polarization
induced by other sources, excluding the kinetic vorticity, also
approximately cancel out with each other.

Another possible relevant observable in experiments is the
first Fourier sine coefficient of the helicity polarization of A
hyperons [27-29]. We plot (Py sin¢,) as a function of pr
in 20-50 % centrality at ./syy = 7.7 GeV as an example in
Fig. 3. We find that the magnitude of (Py sin¢,) increases
with growing pr. Moreover, we observe that helicity polar-
ization induced by kinetic vorticity still dominates over other
contributions, which is consistent with the results in Fig. 1.

As aremark, it is noteworthy that P{; dominates the helicity
polarization, especially in low energy collisions. Therefore, by
mapping the hydrodynamic simulations to the helicity polar-
ization measured in future experiments, one can extract the
fine structure of kinetic vorticity.

Before ending this section, we would like to discuss the
potential impact of two crucial approximations for the lo-
cal spin polarization, namely, strange memory scenario [112]

and isothermal equilibrium [113], on the helicity polarization.
These two approximations are of great importance in delin-
eating the local spin polarization of A hyperons at ,/syny =
200 GeV Au+Au collisions. However, in low-energy col-
lisions, it is unclear whether the quark degrees of freedom
are released from the hadrons in the fireball. Therefore, it
is plausible to consider the helicity polarization of A hyper-
ons rather than s quarks. We have also checked numerically
that in strange memory scenarios, the helicity polarization
induced by other effects, excluding kinetic vorticity, remains
negligible and contributes only to a small percentage of the
total helicity polarization. The sign of (Py sin¢,) remains
unchanged in the strange memory scenarios. In the isother-
mal equilibrium, the temperature gradient near the chemical
freeze-out hypersurface is assumed to be vanishing. We have
numerically checked that even if we drop contributions from
temperature gradient, the dominance of P in the total helicity
polarization still holds.

Furthermore, we draw a comparison between the local
helicity polarization Py and local spin polarization along the
out-of-plane direction P’. We emphasize that the helicity po-
larization Py includes the contributions from the local spin
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FIG. 2. (a) Helicity polarization induced by various sources in 20-50 % centrality at ./syy = 7.7 GeV Au+Au collisions with SMASH
initial condition. (b) The results were obtained using the same parameters as in Fig. 2(a) except for the initial condition given by AMPT model.

(c) The results are obtained using the same parameters as in Fig. 2(a) except for Cy = 1.2. The shortened form “chemical”, “shear”,

LTINS

accT”,

“VT”, and “w x 0.1” stand for the Pgremical | pshear_ paccT ' pNT “and 0.1 x P2, respectively.
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FIG. 3. The first Fourier sine coefficient of the helicity polariza-
tion as a function of pr in 20 — 50% centrality at ./syy = 7.7 GeV
Au+Au collisions with SMASH initial condition. The same color
assignments as in Fig. 1.

polarization along the out-of-plane, in-plane, and beam di-
rections [cf. Egs. (1) and (6)]. Consequently, Py cannot be
derived through a straightforward from P”. Hence, the helicity
polarization provides us additional information about the spin
polarization for A hyperons. Another advantage for study-
ing the helicity polarization is as follows. The hydrodynamic
quantities, including thermal vorticity, shear viscous tensor,
fluid acceleration, and others, can contribute to both local
helicity polarization Py and P*. It is challenging to isolate
the specific contribution of a single source through the P”
since some of these sources contribute to P’ at nearly the
same order of magnitude [23]. In contrast, the azimuthal an-
gle dependent helicity polarization Py induced by the kinetic
vorticity dominates. Therefore, it is straightforward for us to
investigate helicity polarization from a phenomenological per-

spective and the relevant studies presents a new opportunity to
probe the structure of kinetic vorticity.

Summary. We have studied the helicity polarization of A
hyperons and its first Fourier sine coefficient at RHIC-BES
energies and observed that the helicity polarization induced by
kinetic vorticity Pj; dominates at intermediate and low colli-
sion energies. The helicity polarization led by other sources is
one order of magnitude smaller than Pf; and their net contribu-
tions approximately cancel out. Furthermore, the dominance
of Pj; remains unchanged by variations in initial conditions
and baryon diffusion coefficient. Such a hierarchy for helicity
polarization is also unchanged even when adopting the ap-
proximations of the strange memory scenarios and isothermal
equilibrium in low-energy collisions.

Based on our results, we propose an approach to probe
the fine structure of kinetic vorticity by linking hydrodynamic
simulations to the measurements of helicity polarization in
future low-energy nuclear collision experiments. On the other
hand, at low-energy collisions, the helicity polarization pro-
vides a robust baseline for the equilibrium contribution to spin
polarization. The sizable mismatch for comparing our predic-
tions with future experimental measurements could reveal the
potential role of nonequilibrium contributions from collisional
effects or even more exotic sources to local spin polarization.
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