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Global Polarization Theory Overview
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Abstract. We give a brief overview about theory development of spin polar-
ization in relativistic heavy ion collisions, which includes how the polarization
could be generated by single scattering, what the polarization could be in equi-
librium, how to address some recent puzzles in spin polarization in heavy ion
collisions and how much progress we have made in spin hydrodynamics and
spin kinetic theory. We will also discuss the possible helicity polarization in
relativistic heavy ion collisions.

1 Introduction

Spin freedom plays an important role to understand the nuclei’s structure in low energy nu-
clear physics. For example, nuclei exhibit extra stability when either the number of proton
or neutron is equal to the magic number 2, 8, 20, 28, 50, 82 or 126. The magic numbers can
only be explained by adding a spin-orbital coupling term in nuclear shell model. Another
example is high spin states in heavy ion fusion evaporation reaction. When two nuclei collide
at low energy, they can combine together, exhibit a collective rotation and becomes a high
spin state. Such high spin state can be regarded as a rigid rotating body and collective rotation
can align the nucleon’s angular momentum along the direction of the angular velocity due to
Coriolis force, termed as angular momentum alignment. At high-energy heavy ion collisions,
the colliding nuclei can not fusion into high spin states like a rigid rotating body any more.
Instead, Liang and Wang in [1] first pointed out that the initial orbital angular momentum in
non-central heavy ion collisions could be transferred into the momentum or rapidity gradient
along the transverse direction. In local comoving frame of the fluid, the colliding particles
will carry a local orbital angular momentum along the initial global orbital angular momen-
tum. A natural question is: could this local orbital angular momentum be transformed into the
spin angular momentum — spin polarization? As such polarization is always along the initial
global orbital angular momentum, it has been given a specific name as global polarization.

2 Global spin polarization

Global polarization was first estimated by single scattering in static potential model [1] and
then was generalized to realistic two particle scattering with hard thermal loop propagator
[2]. The scattering with initial local angular momentum of two particles can be described
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by the cross section in impact parameter space. In general,the cross section for two particles
with impact parameter X7 can be decomposed into two parts
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where s = +1 denotes the particle’s spin index. It is obvious that when the polarization
direction n is along the orbital angular momentum, the polarization reaches to maximal value:

The estimation for global polarization at RHIC energy 200 GeV from static potential
model is about —30% while the observed global polarization from STAR at this energy is
consistent with zero within the precision of the measurements [3]. When we generalize the
static potential model to hard thermal loop propagator and go beyond the small angle ap-
proximation, the estimation can be consistent with the data in the Bjorken scenario at least
qualitatively [2]. The most important thing about single scattering model is that it provided
us a very intuitive way to understand how the orbital angular momentum can be transformed
into spin angular momentum.

Single scattering is only a naive limit, we need consider the multiple scattering process
for the realistic heavy ion collisions at high energy. For simplicity, we can consider another
naive limit — what the polarization would be if the particles experience multiple scattering
so that the system reaches global equilibrium with angular momentum. The spin polarization
vector S¥(x, p) in phase space for spin 1/2 particles in such case can be directly calculated
from the density operator at global equilibrium with given angular momentum and the result
is given by [4]
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where np is Fermi-Dirac distribution, m is the particle’s mass and @”” is thermal vorticity
tensor. We note that the polarization is determined by the thermal vorticity

Although this result is derived from global equilibrium, we expect it should give domi-
nant contribution at local equilibrium. With such assumption, the spin polarization vector at
freeze-out hyper-surface in heavy ion collisions can be calculated from
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In non-central heavy ion collisions, the initial orbital angular momentum could be transferred
into global vorticity along this direction which further induce the global polarization. This
conclusion is consistent with the result from single scattering model. The calculations for
the global polarization based on this expression within different models are all quantitatively
consistent with the recent experimental data. The averaged polarization indicate a vorticity
of w ~ (9 + 1) x 10?! [5], which is much greater than the vorticity of all other known fluids.

3 Local spin polarization

In relativistic heavy ion collisions, the hot system produced after collisions display more com-
plicated vorticity structure than the global vorticity along the direction of initial orbital angu-
lar momentum. The simulation indicates that some very interesting local vorticity structure
could exist in heavy ion collisions, for example the transverse vorticity exhibits a smoke-ring
distribution along the bean momentum axis and the longitudinal vorticity exhibits a quadru-
ple structure in the transverse plane [6, 7]. These local vorticity structure will lead to the

2



EPJ Web of Conferences 259, 02003 (2022) https://doi.org/10.1051/epjconf/202225902003
SQM 2021

local spin polarizaiton, which can be detected by the azimuthal angle dependence of the
polarization. However the experimental data shows that both transverse and longitudinal po-
larization are opposite to the hydrodynamic prediction based on the expression (4). This is
so-called local spin puzzle in relativistic heavy ion collisions. This inconsistency can not be
solved by the feed-down effect from more heavy hyperons [8, 9]. Recently, some collabora-
tions has proposed that the shear tensor could possibly contribute to the spin polarization. In
Refs. [10, 11], the authors derive the shear-induced spin polarization (SIP) from chiral kinetic
theory or linear response theory
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where P/, = Ap,, & = A"0,, and Q' = —p/ p" /p* + A*/3. Similarly, the authors in
Refs [12, 13]. also derive the spin polarization from spin-thermal shear coupling by stationary
non-equilibrium density operator. With the assumption of isothermal local equilibrium (ILE),
they obtain
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where  is the unit vector normal to the hypersurface £z which corresponds to the time direc-
tion in the QGP frame. Although these two methods are slightly different but both shear ten-
sor contribution always shows the same azimuthal angle dependence as experimental result.
In the “strange memory” scenario of the first method and with the assumption of isothermal
local equilibrium of the second method, the total results from shear tensor and vorticity tensor
give the right trend with the experimental tensor.

Another spin puzzle in heavy ion collisions is relevant to spin alignment of vector meson.
In the recombination scenario, naive estimation gives the spin alignment should be squared
order of hyperon’s global polarization P%I ~ 107* while the experiment result is the order
107!, Besides, the ¢ meson can take a significant positive deviation from 1/3 which is very
different from K*° meson. It has been proposed that the existence of a mean field of the ¢
meson generated in heavy-ion collisions can give a possible mechanism to result in positive
deviation from 1/3 [14]. It has been also found that the spin alignment does not neces-
sary signal the global polarization but may also originate from local spin polarization [15].
The strong alignment measured by STAR and ALICE which is not consistent with hyperon
polarization might be due to the fact that the global polarization is very small while local
polarization fluctuation is very large.

4 Spin hydrodynamics and spin kinetic theory

Single scattering and global equilibrium are two opposite limits, spin hydrodynamics or the
spin kinetic theory can connect these two limits and gives more realistic description for the
spin polarization in heavy ion collisions. In recent years, a lot of important progresses have
been made in this direction.

In the chiral system, the particle’s spin always coincides with the momentum and the spin
is not a dynamical variable, spin hydrodynamics can be reduced into anomalous hydrody-
namics [16, 17],which had been established very well,
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where the information for spin has been encoded in the axial currrent ]’; Similarly, the spin
kinetic theory for chiral particles can be reduced into chiral kinetic theory in which only
right-handed or left-handed particle distribution function f is independent [18, 19],
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where the collision kernel C4pcp is defined by the difference between the rate of collisions
Capcp = Wepoap — Wap—cp, 1’ is the no-jump frame in the collison AB’ < C’D’ and A
denotes tunnelinglike motion in nonlocal collisions. The recent simulation [20] from chiral
kinetic equation has shown that the non-local collision from angular momentum conservation

plays a very important role to reproduce the consistent result of local polarization.

When the particle has a finite mass, the spin will become a dynamical variable and we
need extra variables describe the spin evolution. In spin hydrodynamics, spin chemical poten-
tial " has been introduced into relativistic hydrodynamics to describe the spin evolution. In
addition to the conservations of energy-momentum and charge, spin dynamics is determined
by the conservation of angular momentum [21],

8,T* =0, G(uty =0, 3,5 =0. ®)

In the ideal spin hydrodynamics, the spin tensor S**” is proportional to spin chemical po-
tential S oc ulw"”. However, from effective field theory, even ideal spin hydrodynamics
requires non-dissipative dynamics at higher order than second order, which indicates very
non-triviality in spin hydrodynamics. In the regime of ideal spin hydrodynamics, we cannot
deal with the spin generation and dissipation. In order to address this problem, we must go
beyond ideal spin hydrodynamics and use viscous spin hydrodynamics. Viscous spin hydro-
dynamics can be formulated from entropy-current analysis and constrain possible constitutive
equations of a spin current and the antisymmetric part of canonical energy-momentum tensor
[22].
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where antisymmetric part of energy momentum tensor TZﬁ is given by
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where A and y are new transport coefficients associated with spin transport. The viscous
spin hydrodynamics can be also derived from classical kinetic equation at relaxation time
approximation and the spin chemical potential satisfies
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where the explicit expressions for D coefficient are given by [23]. The spin hydrodynamics
has also been derived from chiral kinetic theory with realistic collision term [24] and the
results is more complicated than these simplified version.

The spin kinetic equation for massive fermions in background field approximation with-
out collision term can be directly derived from Wigner function approach. However the
kinetic equation can take different forms which depends on the different independent distri-
bution function. Here we will only present one form given in [25] in which scalar distribution
¥ and spin vector distribution A have been chosen as independent variables.

V,+v-VYF = - h [B+EXxv)Vy,—(B-v)V,v]-A, (12)
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wherev =p/E,,V, =0,+E-V,, V=V, +BxV,and V, = V-V+EP(V—X -V ,. For spin kinetic
theory with collision term derived from quantum field theory, some attempt has been made
and the final result is much more complicated than the spin kinetic equation without collision
term. Further work is needed for numerical simulation. However the non-local collision term
can be derived explicitly [26]
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—fCe+ A, p, ) f(x+ A, ', )] + f dT2dS | (P)MF(x + A, pros)f(x + Do, pa, 52) (14)

where A, A’, A; and A, are position shifts which exhibit non-local collision term explicitly,

5 Helicity polarization in relativistic heavy ion collisions

In addition to the global or local spin polarization along the global orbital angular momentum
or beam momentum, another possible spin polarization along the momentum of final hadrons
— helicity polarization is also discussed recently [27, 28]. The helicity polarization can be
induced by both helicity charge and vorticity tensor,

mnyeed
A, p) = Eﬁp;m—$§fm . (1)

where the first term is pure helicity charge contribution and the second term is usual vortic-
ity contribution. It is easy to show that only the spatial components of vorticity tensor are
involved for the helicity polarization. Even with the initial zero helicity charge, the helicity
charge can be redistributed due to the chiral separate effect from vorticity for the viscous fluid

Bu(nsu') = —éeﬂlpgu*aﬂugavnﬂﬁ (16)

where n5s is helicity charge density, 7*” is dissipative tensor and s is entropy density.

In relativistic heavy ion collisions, the initial helicity charge could exist due to classical
color longitudinal fields or QCD sphaleron transitions in the quark gluon plasma. Such initial
helicity charge indicates the local parity violation in QCD. Recently it has been proposed that
this initial helicity charge can be measured by the correlation of the hyperons’ helicity polar-
ization [27, 28]. The helicity alignment for vector meson from helicity charge can contribute
to the spin alignment along x, y and z axis,

DPoo = % + %A + ;UZA’ Poog = % + %A - szA, Poo = % - %A an
where A = pgy — 1/3 is deviation from 1/3 for the helicity density matrix element pgy and v,
is elliptic flow of the momentum distribution of vector meson.

6 Summary and outlook

Spin plays an important role in nuclear structure at low energy. The observation of global
polarization opens a new avenue to understand the quark gluon plasma at high energy. With
the upcoming running of NICA, FAIR, J-PARK and HIAF, we can expect that a big picture
of spin in nuclear physics would be coming. Local spin polarization for hyperons and spin
alighment for vector mesons are both still in debate and quantitative prediction by spin hy-
drodynamics or spin kinetic theory is needed. Helicity polarization would give us another
new probe to detect the spin polarization in heavy ion collisions.
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