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We argue that the enhancement in the spin polarization of anti-hyperons compared to the polar-
ization of the hyperons in noncentral relativistic heavy-ion collisions arises as a result of an interplay
between the chiral and helical vortical effects. The chiral vortical effect generates the axial current of
quarks along the vorticity axis while the recently found helical vortical effect generates the helicity
flow — the projection of the quark’s polarization vector onto its momentum — along the same axis.
For massless fermions, the helical charge corresponds to a difference in the contributions of particles
and anti-particles to the axial charge. Assuming that the spin of light quarks transfers to the strange
quarks via the vector kaon states (“the spin-vector dominance”), we are able to describe the ratio
of the (anti)hyperon spin polarizations, obtained by the STAR group, without fitting parameters.
We also argue that the helical vortical effect dominates over the chiral vortical effect and the chiral
magnetic effect in the generation of the electric current.

I. INTRODUCTION

Over the past decades, the experiments of relativistic
heavy ion collisions at RHIC and LHC have served as an
excellent arena to study the properties of quantum mat-
ter in extreme conditions. In particular, it was shown
that, for sufficiently large collision energies, the medium
created behind the colliding nuclei evolves from an initial
glasma state into the quark-gluon plasma (QGP) [1H4].
This state of matter persists until the local temperature
drops below a critical value, under which the quark and
gluon degrees of freedom are reconfined within hadrons.
Quite remarkably, the QGP appears to behave like a
nearly-perfect fluid [5l, [6], exhibiting the lowest known
value for the ratio between shear viscosity and entropy
density (an estimation based on the AdS/CFT correspon-
dence is /s = 1/4x [1]). Its constituents achieve early-
time thermal equilibrium, as supported by evidence from
elliptic flow measurements [§] (perhaps due to the decay
of non-hydrodynamic modes to an attractor solution [9]),
such that a macroscopic hydrodynamic description of the
QGP phase is appropriate [10].

The spin-orbit coupling, inherent in the Dirac equa-
tion, leads to a polarization of the fermion spins with
respect to the direction of the collective angular momen-
tum. The transport consequences of this effect were high-
lighted more than four decades ago by Vilenkin, who
pointed out that rotating (Kerr) black holes generate
a net neutrino current directed along the axis parallel
to the black hole’s angular momentum [I1]. This phe-
nomenon constitutes one of the chiral vortical effects
which were later understood in the framework of anoma-
lous hydrodynamics of relativistic vortical fluids [12].

It is commonly anticipated that in noncentral heavy-
ion collisions, the produced quark-gluon plasma should

polarize the spins of quarks and anti-quarks in the di-
rection of the global angular momentum of the colliding
ions. Perturbative calculations [I3] indicate that quarks
and anti-quarks tend to align their spins in the direction
of the local vorticity of a rotating fluid. The transfer
of polarization proceeds via a scattering process with a
parton in the rotating hot nuclear fluid.

The evidence of vorticity in QGP was reported by the
STAR collaboration [14, [I5] based on the data collected
during the experiments performed at the RHIC facility in
Brookhaven National Laboratory in USA. More specifi-
cally, the experimental results indicate that the quark-
gluon medium, formed in non-central collisions, exhibits
a global vorticity, which is measured based on a specific
decay of spin-polarized A-hyperons and A anti-hyperons.

The analysis of the hyperon decays provides us with
useful information on the spin properties of quark-
gluon plasma because of the relatively high production
cross-section of these baryons [16], as well as the “self-
analyzing” property [I7] of their spin polarization due
to the characteristic decay mode A — pr~— with a large
branching ratio of 64%. The self-analysis uncovers the
spin polarization by preferentially emitting a daughter
proton in the spin direction of A and a daughter anti-
proton opposite to the spin direction of A. If 6* is the
angle between the momentum pj; and the hyperon polar-

ization vector P in the rest frame of H = A, A, then

iNg 1
dcosf* 2

where apy = —az = 0.642 £ 0.013 represent the decay
parameters for A and A. When averaging the polariza-
tion over the total number of events associated with one
collision, the total polarization vector is required by sym-
metry to be parallel to the direction of the system’s global

(14 ayg|Pm|cosb*), (1)




angular momentum vector, jsys. The value of this global
polarization is computed using

A

ﬁH = <PH N szs> 3 (2)

where the bar on Py denotes an average over events.

The experimental results reveal nonvanishing spin po-
larizations of A and A hyperons thus indicating the pres-
ence of a highly vortical quark-gluon fluid that emerge
in non-central heavy-ion collisions. As the collision en-
ergy lowers, the spin polarizations of both A and A grow.
The growth is not, however, identical for these hyperons:
at lower energies, the polarization of A is substantially
higher than the polarization of A [14].

The puzzling effect of the splitting in the polarizations
has attracted a significant attention of the community.
The effect could indicate a possible role of the magnetic
field [I8], which is, however, generally expected to be
vanishing at the freeze-out (see the recent overview [19]).
While the lifetime of magnetic field may be enhanced by a
high electric conductivity of quark-gluon plasma [20] and
rotational effect of charged fluid [21], the observed split-
ting may have also other explanations including different
freeze-out conditions for hyperons and anti-hyperons [22],
and effects of the axial and mixed axial-gravitational
anomalies [23H25]. At suitable choice of parameters, the
splitting in the hyperons’ and anti-hyperons’ spins may
also be explained in an effective theory of quark interac-
tions mediated by massive vector and scalar bosons [20]

We argue that the observed splitting in polarizations
can occur due to an interference between the chiral vor-
tical effect and the new helical vortical effect [27] 2§].

The structure of our paper is as follows. In Section [[]
we briefly overview the chiral and helical transport ef-
fects in the quark’s vortical fluid, and stress the differ-
ence between the chirality and helicity of quarks. In Sec-
tion [III] we propose the mechanism of the (anti)hyperon
spin polarization via chiral and helical vortical effects.
In Section [[V] we show that the ratio of the spin polar-
izations of the anti-hyperons and hyperons is determined
only by chiral and helical vortical conductivities evalu-
ated as the chemical freeze-out. Even though the the-
oretical prediction for this ratio contains no adjustable
phenomenological parameters, it agrees excellently with
the experimental data of the STAR collaboration. In
Section [V] we stress the importance of the helical degrees
of freedom demonstrating that at large collision energies
Vsnn = 200GeV, the helical vortical effects generate
an electric current of much stronger magnitude as com-
pared with both the chiral vortical effect and the chiral
magnetic effect. The last Section is devoted to our con-
clusions.

II. TRANSPORT IN VORTICAL FLUID
A. Chiral and helical vortical effects

Vilenkin’s findings represent the first evidence of the
chiral vortical effect, which predicts that the quark fluid
at finite temperature T' generates a net chiral charge cur-
rent along the vorticity w:

T ph
AT T g2 3)
Here we adapted the notations to incorporate the rela-
tion py = %MB between the vector chemical potential
for quarks py and the baryonic charge, up (for a review,
see [29]).

The coefficient in front of the first term in the conduc-
tivity originates from the mixed axial-gravitational
anomaly. It has been probed in the first-principle lat-
tice simulations of the so-called axial magnetic effect,
which has the same conductivity as the chiral vortical
effect [30, BI]. The coefficient turned out substantially
smaller than its predicted value of 1/6, which may, how-
ever, be a result of the fermion quenching used in the nu-
merical simulations and needs a further check. The sec-
ond term in the conductivity is not renormalized by
quantum corrections as it comes from the axial anomaly
which is exact in one loop. Below, we will use the axial
conductivity as given in Eq. .

Besides chirality, the polarization of free fermions can
be characterized by the helicity of the fermionic cur-
rent [27, 28]. Similarly to its chiral counterpart, the heli-
cal vortical effect is a mechanism through which a helicity
charge current is generated along the vorticity axis:

JAZJAL:J,

2In2 wy
JH:(J'H(-c)7 og = 32 MBT+O<T . (4)

The above helicity current is often overlooked in esti-
mations of polarization. In Eq. , the helical vortical
conductivity og is written in the high-temperature limit
and the sub-leading terms of the series are not presented.
Our calculations show that these terms are negligible in
the regions of studied collision energies. In what follows,
we also ignore a small isospin charge of the quark-gluon
plasma which appears due to a light imbalance in densi-
ties of u- and d-quarks in the plasma.

B. Helicity vs. chirality

The helicity is often misinterpreted as the chirality.
However, the very definitions of the corresponding four-
currents are different:

Jh ="y, T =9y h + k. (5)
The helicity operator
: 1 N
h= % = 575sign (H), (6)



is the projection of the spin operator s* = %EOijkEjk (a
spatial part of the covariant spin tensor L#” = L[y# y"])
into the direction of momentum. Notice that in the defi-
nition of the helical current in Eq. , the helicity oper-
ator @ enters twice, so that the spin’s 1/2 factor disap-
pears.

For a massless fermion, employed in the definition (@,
the helicity can be expressed via the sign of the parti-
cle’s Hamiltonian H [27]. The latter property highlights
the interrelation between the helicity and the chirality:
the helicity is the difference between the axial currents
carried by particles and anti-particles.

In this paper, we aim to show that taking into account
the two transport laws of chiral and helical degrees
of freedom, it is possible to reproduce the experimental
data for the ratio of the hyperon polarizations, as mea-
sured in heavy-ion collisions.

III. HYPERON SPIN POLARIZATION VIA
CHIRAL AND HELICAL VORTICAL EFFECTS

A. Basic idea of the mechanism

We will consider the following simplified mechanism of
the spin polarizations. The vortical fluid of QGP created
in a non-central heavy-ion collision polarizes the spins of
light quarks in early stages of the collision. The light
quarks pass then their spin polarization to the strange
quarks via intermediate vector kaon resonances (we call
this mechanism “the spin-vector dominance”). The po-
larization of the strange quarks is then observed in ex-
periment as the spin polarizations of hyperons. The po-
larization of the light quarks via the chiral and helical
vortical effects is enough to explain the ratio in the spin
polarizations of the hyperons without fitting parameters.

In order to make our derivation algebraic and as sim-
ple as possible, we focus on the dominant effects of the
mechanism. We ignore the direct polarization of the mas-
sive strange quarks in the vortical fluid which proceeds
without scattering on already polarized light quarks. The
strangeness neutrality of the quark-gluon plasma dictates
that the direct polarization mechanism would polarize
the spins of s and § in the same proportion, which would
lead to identical polarizations of A and A. The latter sug-
gestion is in contradiction with the experiments at low
collision energies. Therefore, in our calculations, we ex-
clude the direct polarization of the strange quarks which
is expected to be small anyway [32].

The hypothesis, that the generated magnetic field is
responsible for the observed splitting in polarization be-
tween the hyperons and anti-hyperons has been also stud-
ied [18, [34] and it was estimated that the required mag-
netic field life-time “not impossible” [34], while the cur-
rent experimental results give the magnetic field at the
chemical freeze-out consistent with zero [19]. In our
study, we neglect the presence of the magnetic field and
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FIG. 1. Schematic picture of spin polarization, momentum,
chirality and helicity of light quarks and anti-quarks projected
onto the direction of the global angular momentum jsys of a
vortical quark-gluon plasma.

argue that the splitting can occur due to the helical vor-
tical effects.

B. Vector and axial charges, and quark’s helicity

We study the polarization properties of the hyperons
with respect to the direction of the global polarization
vector jsys of a noncentral heavy-ion collision. We start
our analysis with the spin polarization of the light, u and
d, relativistic quarks. Since the freeze-out temperature
is much higher than the current masses of these quarks,
we treat the light quarks as massless fermions.

A single quark may be characterized according to its
vector charge content (carried by particles j and anti-
particles j), its chirality (distinguished between right-
chiral R and left-chiral L) as well as its helicity (right-
helical 1 and left-helical |). These three quantities are
constrained for a single particle or anti-particle because
the chirality of a quark (an anti-quark) is the same as
(opposite to) its helicity. The exact correspondence is
lost for an ensemble of particles where the chirality and
helicity become independent characteristics of the parti-
cle ensemble [28].

In Fig. [I] we illustrate the interrelations between
spin polarization, momentum, chirality, and helicity of
light quarks and anti-quarks. The notations are self-

ine: 7R . ~
explaining: for example, J|* denotes the current of right-
chiral (R) anti-quarks (j) which carry, necessarily, the
left-handed helicity ({).



C. Axial and helical currents, and spin polarization

For notation simplicity, we omit below the vector in-
dices of the currents, and consider only the projection of
the currents to the axis of rotations,

J, sys 8
w

J, sys

ngJg~n, n = 5 EZV,A,H, (7)

where the unit vector n points along the global vortic-
ity directed out of the reaction plane and the index ¢ in
Eq. @ denotes the type of the charge (vector, axial, and
helical, respectively) carried by the current. The vortic-
ity w of rotating quark fluid is directed along its global
angular momentum Jy||w.

We do not indicate the flavor index f = wu,d of the
quark’s current because they contribute on an equal ba-
sis. We also do not show the brackets of the mean expec-
tation values, so that J, = (Jy) = (J¢ - n) etc.

We have four linearly-independent quantities which
characterize the charge/particle content of the (pro-
jected) fermionic current:

e The total current which accounts for the flow of all
particles and anti-particles:

Jtot:J¢+J¢+jT+j¢. (8)

e The vector (electric) current given by the total
number of particles minus the total number of anti-
particles regardless of their helicities:

Jv:JT+J¢—j¢—j¢. (9)

e The axial (chiral) current which equals to the flow
of the total number of particles and anti-particles
with right-handed helicity minus the flow of the
total number of particles and anti-particles with
left-handed helicity:

JA:JT+j¢*J¢*j¢. (10)

e The helical current (the helicity flow) which is given
by the linearly complementary quantity to all men-

tioned currents , @[), and :
JH:JT+j¢—J¢—jT. (11)

The helical current has the meaning of the differ-
ence between the contributions to the axial current
coming from particles and anti-particles [28].

Relations similar to Egs. (8)—(L1) are obviously also valid
for the vector, axial and helical charge densities.

The total current , which characterizes the quark’s
multiplicity flow, and the vector current @, which gives
the charge flow, are not relevant quantities for our aims
since both these currents are neutral in their spin polar-
ization contents. What is interesting for us is the sum

and the difference between the axial and helical currents,
which select the polarization of light quarks and anti-
quarks, respectively:

JA+JH:2(:]T7J\L), JA*JHZQ(ijji).(12)

These relations indicate that the knowledge of the axial
current Jy4 is not enough to determine the spin polariza-
tions of massless quarks.

D. Currents and spin polarizations of light quarks

The linear combinations of light-quark currents (12)
determine the spin polarizations of the light quarks and
light anti-quarks, respectively. For example, the current
Jy carries the up-polarized spin to the upper hemisphere
(if J4 > 0) or to the lower hemisphere (if J+ < 0), de-
pending on the sign of the current.

The spins polarizations of light quarks ¢ = w,d and
light anti-quarks ¢ = @, d are related to the linear com-
binations of the currents :

Py =kgi(Jy = Jy), Pg=rkgi(Jy —J)), ke = kg5, (13)

where kg; and kg; are positively-defined kinematic fac-
tors which do not distinguish the baryonic charge. As we
neglect the masses of the light quarks ¢ = u,d and the
presence of the magnetic field, there is no difference in
spin polarization of light quarks of different flavors.

It is important to stress the crucial role of the helicity
current for the correct evaluation of the spin polariza-
tion. First of all, let us make sure that the signs in the
relations of Eq. take appropriately into account the
spins of the particles that are emitted in upper and lower
hemispheres. A quark with a positive helicity (i.e. with
the spin oriented along the direction of motion) travel-
ing to the upper (lower) hemisphere — thus, with J+ > 0
(Jy < 0) and with J, = 0 — gives a positive (negative)
contribution to P, as it should be. At the same time,
a quark with a negative helicity (i.e., with spin and mo-
menta pointing in the opposite directions) moving to the
upper (lower) hemisphere — thus, with Jt =0 and J, >0
(Jy < 0) — gives a negative (positive) contribution to Py,
as expected. The same calculation is true for the anti-
quarks.

Next, let us illustrate that the axial current alone can-
not account for the spin polarization and that we need
the helicity current. As an example, we take a quark and
an anti-quark with a positive helicity (with the spin along
the momentum) and the same magnitudes, but moving
in opposite directions. We have J; = —J; # 0 and
Jy = J, = 0. The positive-helicity quark (anti-quark),
moving to the upper (lower) hemisphere gives a positive
(negative) contribution to the total quark’s (anti-quark’s)
spin polarization. As we just saw, our formulas ([13)) cor-
rectly calculate the spins of quarks and anti-quarks due
to the careful accounting for the helicity current. How-
ever, the axial current is identically zero for this
simple configuration. Therefore, the axial current alone



FIG. 2. Polarization of a light quark is transferred, in an
inelastic scattering via an intermediate vector kaon state —
for example, via (a) K*° = d5 and (b) K** = u3 - to an anti-
strange quark and then to a final anti-hyperon A. Hyperons
A acquire their polarization from spin-polarized light anti-
quarks in the C-conjugated processes (not shown).

is insufficient for the separate computation of the spin
polarizations of both particles and anti-particles.

E. Spin-vector dominance

The rotating fluid polarizes the spin of the light v and
d quarks. However the light-quark polarizations do not
contribute to the total spin of the hyperons and anti-
hyperons which are detected in the experiment. More-
over, according to the quark model, the contribution of
the light v and d quarks to the total spin of the A hyperon
is strictly zero and the whole hyperon spin is carried by
the s quark only. First-principle numerical lattice calcu-
lations of the quark distribution functions of a A hyperon
confirm the qualitative validity of the quark model, giv-
ing Aup = Ady = —0.02(4) for the contribution of the
light quarks as compared to the longitudinal polarization
Aspy = 0.68(4) of the s quark [35]. The same statement
applies, of course, to the A antiparticle.

Therefore, the polarized light quarks transfer their spin
polarization to the strange quarks. As the perturbative
transfer of polarization is inefficient [36] we suggest that
the spin transfer proceeds via spin-1 kaon vector states
and a subsequent hadronization by the process of recom-
bination to hyperons. In the vector K* kaons, the spins of
the valence quark and anti-quark are aligned in the same
direction. The polarized light (for example, d) quark
scatters over an anti-strange quark 5 via the K*? = d3
resonant state. After the scattering, the 5 anti-quark
picks the polarization of the d quark. An illustration of
these reactions is shown in Fig.

The polarizations of the strange quark and anti-quarks
after the scattering process are, respectively, as follows:

Ps = K/stqu Pg = K/ngQ7

where k45 and kg, are the dynamical factors which char-
acterize the efficiency of the spin-polarization transfers
g — § and ¢ — s, correspondingly. These factors are
equal to each other due to the charge-conjugation sym-
metry.

The spin polarizations of strange quarks and strange
anti-quarks give us the spin polarizations of A hyperons

Rsg = KRsq, (14)

and A anti-hyperons, respectively:

Py =kasPs;  Pro=#kxsPs.  Kas = kixs (15)

where we denoted P, = P, for notational similarity
with Ref. [I4]. The prime indicates that these polariza-
tions are calculated for primary hyperons that are emit-
ted directly from the quark-gluon fluid. We exclude the
consideration of the feed-down effects [I8] where the pri-
mary polarizations may be diluted by (15%-20%) which
falls within the experimental uncertainties [19].

The dynamical factors kx5 and k35 determine the pro-
duction rate of the hyperons and any-hyperons, respec-
tively. Since the strange quarks are already polarized,
their hadronization in the hyperons will polarize the lat-
ter. The production factors are common to both particles
and anti-particles due to the charge-conjugation symme-
try. The spin polarization of A corresponds to the par-
ent s-quark’s polarization in the same way as the spin
polarization of A depends on the polarization of the 5
anti-quark.

Bringing all equations 7 , @, , , 7
and together, we get the spin polarizations of the
hyperons due to axial and helical vortical effects:

fA/ = aﬁAsﬁquqj(aA - O'H)CU, (16)
— 1
Pr = §I€A§/€§qﬁlqj(0'A +om)w, (17)

where the axial 04 and helical oy vortical conductivities
are given in Egs. and , respectively. The k factors
for particles and anti-particles are pairwise equal to each
other according to the C' symmetry mentioned above.

IV. RATIO OF SPIN POLARIZATIONS:
THEORY VS EXPERIMENT

The calculation of the factors x and w in Eqs. (16)
and may pose a significant challenge while being
subjected, at the same time, to unwanted phenomeno-
logical and model-dependent uncertainties. In order to
avoid these disadvantages, we consider the ratio of the
polarizations,

Px

Rijn =5 (18)
for which the mentioned kinematic, dynamical and vor-
tical factors disappear according to Egs. and .
It is important to realize that the s factors contain also
the relativistic contributions. While freeze-out can oc-
cur at different times for different space points, the lo-
cal thermodynamic variables (temperature 7" and baryon
chemical potential pg) should be the same.

The vortical conductivities appearing in Egs. and
have a weak dependence on the distance p to the
rotation axis measured in the reaction plane, since the
local temperature (" = TpI') and the chemical poten-
tial (up = pol') depend on the local Lorentz factor,



I' = (1 — p?Q%)~1/2. This relativistic factor becomes
relevant only close to the speed of light surface (SLS), lo-
cated at the distance Q! from the rotation axis. For
Q ~ 10%257!, the SLS is located at ~ 30 fm, eas-
ily exceeding the diameter d of the gold or lead nuclei
(d ~ 14 fm). Thus, the dependence of the conductivities
o4 and oy on the distance to the rotation axis can be
safely ignored. Furthermore, the local kinematic vortic-
ity factor w appearing in Egs. and is the same for
both particles and anti-particles. The operation of boost-
ing from the proper frame to the laboratory frame is thus
independent of the local values of the charge conductivi-
ties and can be factored out. Since the relativistic factors
are identical for the quarks (hyperons) and anti-quarks
(anti-hyperons) at the same expanding hypersurface, in
the scope of our simplified approach, they disappear nat-
urally in the ratio .

The interplay between the chiral and helical vortical
effects leads to the following prediction for the A/A po-
larization ratio (18)):

Ramw=—""" (19)

As we already mentioned, we ignore the effect of a
direct polarization of the strange quarks by the fluid
vorticity. The vortical effects are not important for the
strange quarks due to the strangeness neutrality of the
quark-gluon plasma. The latter property implies that
the strange chemical potential us is globally zero in the
high-temperature phase [37]. Therefore, the direct influ-
ence of the helical vortical effect on the polarization of the
strange quarks is absent because the helical vortical con-
ductivity for the strange quarks vanishes, ag) ~ s =0,
according to Eq. with the substitution up — 3pus.

The chiral (3)) and helical vortical conductivities
entering the polarizations’ ratio should be evaluated
at the chemical freeze-out. As the collision energy /s
increases, the chemical freeze-out temperature T raises,
while the baryon chemical potential pup decreases. Their
behavior may be parameterized as follows [38]:

15(VE) = H”;f

where the parameters a, b, ..., f, determined from earlier
results on the relativistic heavy-ion collisions, are given
in Table Il

T(pp) = a —buyy — cup, (20)

a, GeV ‘ b, GeV ‘ ¢, GeV ‘ d, GeV ‘f7 GeV—1!
0.166(2) ‘0.139(16) ‘0.053(21) ‘ 1.308(28) ‘ 0.273(8)

TABLE I. The parameters of the chemical freeze-out ,
from Ref. [38]. The numbers in brackets give the error esti-
mates in the last digit(s) of the parameters.

The predicted ratio Ry, of the spin polarizations
coming from the chiral-helical vortical effects is
shown in Fig. [3| along with the experimental data of the

T T T I T T T T T T T T I
o6r —— chiral-helical vortical effects T
r * from the STAR data T B E
(Au-Au collisions) Re = Py
4 A/A 51\/ -
<
~~
& |
oL
0 1

V SNN » GeV

FIG. 3. Ratio R;\/A:ﬁ,y/f/\/ of the average global polar-
izations P of anti-hyperons A and hyperons A, Eq. , in
noncentral Au-Au collisions. The experimental data of the
STAR collaboration [14] is compared with the analytical pre-
diction coming from the chiral-helical vortical effects with
no fitting parameters used. The error bars of the data repre-
sent the statistical errors coming from the STAR experiment.
The shadowed region corresponds to the confidence region of
the analytical prediction coming from the chemical freeze-out
parameters, Eq. and Table

STAR collaboration [I4]. The figure demonstrates a very
good agreement between the analytical prediction and
the experimental results, especially given the fact that
no free fitting parameters were used to adjust the ana-
lytical curve.

At high collision energy, the chemical potential is much
smaller compared to the temperature at the chemical
freeze-out. Therefore, the asymmetry in the spin po-
larizations gets the following asymptotic form,

81112#73
w2 T

Rim =1+ +O0(u%/T?). (21)
and goes to unity (indicating the absence of asymmetry)
in agreement with the experimental data on global polar-
ization of hyperons. At the largest available data point
for the STAR experiment [14], \/syn = 200GeV, the
asymmetry in A/A polarizations is predicted, according
to Eq. , to be less than 10% in agreement with the ex-
perimental data which overlap within the error bars. At
the ALICE energies, 2.76 TeV and 5.02 TeV, the polar-
izations are close to zero [39] and the asymmetry cannot
be estimated reliably.

Evidently, our analysis is not restricted to the global
properties of the rotating fluid since these considera-
tions may also be repeated in local terms. In partic-
ular, it was recently observed by the STAR collabora-
tion that the local vorticity of the Au-Au collisions at
v/SnN = 200 GeV has a quadrupole component along the
beam direction [40]. The fits of the quadrupole signals
of the spin-polarizations for hyperons and anti-hyperons
by the sine function show that the magnitudes of these



polarizations overlap with each other within 20% errors.
This result agrees with the range of our estimation
as well.

V. ELECTRIC CURRENT IN NONCENTRAL
COLLISIONS: CHIRAL VS HELICAL EFFECTS

A. Helical vortical effect vs chiral vortical effect

A vortical fermion fluid, in a state close to the thermal
equilibrium, develops the vector (electric) current along
the vorticity axis:

2In2

1
Jv = —Fhviaw + paTw, (22)

2
where the first term corresponds to the well-known chiral
vortical contribution [I1] while the second term gives the
helical vortical effect |27, [28]. The axial (pu4) and helical
(g) chemical potentials correspond to the fluctuations
of the density of the axial charge and the density of the
quark’s helicity, respectively: pa = paT?/3 and pg =
purT?/3 (we neglected all sub-leading corrections to these
formulas). In the state of thermal equilibrium, we expect
that these densities vanish, pa = pg = 0.

The axial density measures the difference between left-
and right-handed chiralities, while the helical density
gives the difference between the contributions of quarks
and anti-quarks to the axial density. These quantities
share the obvious similarity (which often leads to their
erroneous identification) and therefore the statistical fluc-
tuations of their densities in the off-equilibrium plasma
are expected to be of the same magnitude, pa ~ pg.

Let us compare the magnitudes of the vector current
generated by the chiral and helical vortical effects .
The difference may be quantified by the ratio of the corre-
sponding prefactors in Eq. evaluated at the chemical
freeze-out. For example, at the collision energy /syy =
200 GeV, the fluctuations in the helical charge (in pg)
give a much larger contribution to the vector vortical con-
ductivity compared to the fluctuations of the axial charge

(in pa) of the same magnitude (we take a4 = pp):
J T
Wluve g0 a0 (Jsww = 200GeV). (23)
(Jv)cve KB

Therefore at these energies, the chiral vortical effect can
be neglected in favor of the larger helical vortical contri-
bution to the generated vector (electric) current (22). It
is not difficult to verify that at lower collision energies,
V3NN ~ 10 GeV, the chiral and helical conductivities
give contributions to the vector current of the same
order.

B. Helical vortical effect vs chiral magnetic effect

In addition to the vorticity in the quarks’ fluid, the
noncentral heavy-ion collisions create also a strong mag-
netic field B because the colliding ions carry an electrical

charge. The fluctuations of the chiral (axial) charge den-
sity in the quark-gluon plasma, created in the collision,
generate the electric (vector) current of quarks along the
axis of magnetic field:

A
Jy = %63. (24)
The transport law , known as the chiral magnetic ef-
fect (CME), leads to potentially observable experimental
consequences [29]. As the strength of the magnetic field
rises with the collision energy, we consider below the en-
ergy /snn = 200 GeV which favors the CME and
corresponds to the high-energy side of the energy scan of
the RHIC facility.

In addition to the CME, the electric current can be
generated by the chiral and helical vortical effects in the
same collision . Since the helical vortical effect over-
whelms its chiral counterpart, it is interesting to compare
the efficiency of the CME and the HVE at high energies.

Qualitatively, it seems logical that the helical vortical
effect can generate a stronger electric current as com-
pared to the current created by the chiral magnetic ef-
fect. This conclusion is supported by the expected long-
lasting nature of the vorticity as compared to the short
relaxation time of the magnetic field [20].

Quantitatively, we get the dominance of the helical vor-
tical effect over the chiral magnetic effect:

(Jv)uve

1
=4In2-— ~3, (/s =200 GeV), (25

where we set ug = pa following our earlier arguments.
We also took the following estimations of the physical
characteristics of the QGP at \/syny = 200GeV: the
chemical freeze-out temperature T' = 166 MeV [38], the
angular frequency © = 6.6 MeV [14], and the (optimistic)
estimate of the magnetic field B = 0.05m2 [20] of the
electrically conducting QGP at the chemical freeze-out.

VI. CONCLUSIONS

We have shown that the interplay of axial and heli-
cal vortical effects allows us to compute, separately, the
spin polarizations of light quarks and light anti-quarks
along the global vorticity axis in noncentral collisions.
Assuming the spin-vector dominance in the transfer of
the spin of light quarks to the spin polarization of the
heavier strange quarks, we were able to express the ratio
of the spin polarizations of A and A via the ratio
of the chiral and helical vortical conductivities
evaluated at the chemical freeze-out. We show in Fig.
that this much-simplified picture, that requires no fitting
parameters, agrees very well with the experimental data
of the STAR collaboration.

We also noticed that the helical vortical effect should
generate the electric current along the vorticity axis,
which is comparable to (at low collision energies) and



much larger than (at high energies) the current gener-
ated by the chiral vortical effect, assuming the same-
order fluctuations of the helical and chiral densities. The
helical vortical effect dominates also over the chiral mag-
netic effect at high energies in the RHIC range.
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