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Vorticitical motion of nuclear matter
Large angular momentum

Au+Au at b = 8 fm, crossover EoS
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Relativistic nuclear collision
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The system created in ultrarelativistic nuclear collisions is known to behave as an almost ideal
liquid. In non-central collisions, due to the large orbital momentum, such a system might be the fluid
with the highest vorticity ever created under laboratory conditions. Particles emerging from such
a highly vorticous fluid are expected to be globally polarized with their spins on average pointing
along the system angular momentum. Vorticity-induced polarization is the same for particles and
antiparticles, but the intense magnetic field generated in these collisions may lead to the splitting
in polarization. In this paper we outline the thermal approach to the calculation of the global
polarization phenomenon for particles with spin and we discuss the details of the experimental
study of this phenomenon, estimating the effect of feed-down. A general formula is derived for the
polarization transfer in two-body decays and, particularly, for strong and electromagnetic decays.
We find that accounting for such effects is crucial when extracting vorticity and magnetic field from
the experimental data.

PACS numbers: 25.75.Ld, 25.75.Gz, 05.70.Fh

I. INTRODUCTION

Heavy ion collisions at ultrarelativistic energies create
a strongly interacting system characterized by extremely
high temperature and energy density. For a large fraction
of its lifetime the system shows strong collective effects
and can be described by relativistic hydrodynamics. In
particular, the large elliptic flow observed in such colli-
sions, indicate that the system is strongly coupled, with
extremely low viscosity to entropy ratio [1]. From the
very success of the hydrodynamic description, one can
also conclude that the system might possess an extremely
high vorticity, likely the highest ever made under the lab-
oratory conditions.

A simple estimate of the non-relativistic vorticity, de-
fined as

ω =
1

2
∇× v, (1)

1 can be made based on a very schematic picture of the
collision depicted in Fig. 1. As the projectile and target
spectators move in opposite direction with the velocity
close to the speed of light, the z component of the collec-
tive velocity in the system close to the projectile specta-
tors and that close to the target spectators are expected
to be different. Assuming that this difference is a frac-
tion of the speed of light, e.g. 0.1 (in units of the speed of
light), and that the transverse size of the system is about
5 fm, one concludes that the vorticity in the system is of
the order 0.02 fm−1 ≈ 1022 s−1.

1 sometimes the vorticity is defined without the factor 1/2; we use
the definition that gives the vorticity of the fluid rotating as a
whole with a constant angular velocity Ω, to be ω = Ω

FIG. 1. Schematic view of the collision. Arrows indicate the
flow velocity field. The +ŷ direction is out of the page; both
the orbital angular momentum and the magnetic field point
into the page.

In relativistic hydrodynamics, several extensions of the
non-relativistic vorticity defined above can be introduced
(see ref. [2] for a review). As we will see below, the
appropriate relativistic quantity for the study of global
polarization is the thermal vorticity:

$µν =
1

2
(∂νβµ − ∂µβν) (2)

where β = (1/T )u is the four-temperature vector, u be-
ing the hydrodynamic velocity and T the proper temper-
ature. At an approximately constant temperature, the
thermal vorticity can be roughly estimated by $ ∼ ω/T
which, for typical conditions, appears to be of the order
of a percent by using the above estimated vorticity and
the temperature T ∼ 100 MeV.

Vorticity plays a very important role in the system
evolution. Accounting for vorticity might be the only
way to quantitatively describe the rapidity dependence
of directed flow [3, 4], which, at present, can not be de-
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Fig. from Becattini, et al., PRC 95, 54902 (2017)

Vortical motion: ~ω = (1/2)~∇× ~v = Vorticity

Relativistic Kinematic Vorticity

ωµν =
1
2

(∂νuµ − ∂µuν)

uµ = collective local 4-velocity of the matter
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Observation of vorticitical motion

Vorticity induces alignment of particle spin along its direction

analogy wiht Barnett effect (1915):
magnetization by rotation

a fraction of orbital momentum of
body rotation is transformed into
spin angular momentum

Reverse effect:
Einstein-de Haas effect (1915):
rotation by magnetization
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Global Λ and Λ̄ polarization

Due to parity violating weak decays
Λ −→ p + π− and Λ̄ −→ p̄ + π+,
Λ and Λ̄ hyperons are self-analyzing
p (p̄) direction is associated with Λ (Λ̄) spin in its rest frame

dN
d cos θ∗

=
1
2

(1 + αΛP∗
Λ cos θ∗)

∗ means Λ’s rest frame, αΛ = 0.642 is Λ’s decay constant

Global Λ and Λ̄ polarization
was measured by STAR
collaboration [Nature 548, 62 (2017)]
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Thermodynamic approach to Λ polarization

Relativistic Thermal Vorticity

$µν =
1
2

(∂ν β̂µ − ∂µβ̂ν),

where β̂µ = ~βµ and βµ = uν/T with T = the local temperature.

$ is related to mean spin vector, Πµ(p), of a spin 1/2 particle
in a relativistic fluid [F. Becattini, et al., Annals Phys. 338, 32 (2013)]

Πµ(p) =
1

8m

∫
Σ dΣλpλnF (1− nF ) pσεµνρσ∂ν β̂ρ∫

Σ Σλpλ nF
,

nF = Fermi-Dirac distribution function,
integration over the freeze-out hypersurface Σ.

"‘an educated ansatz for the Wigner function of the Dirac field"’
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Three-Fluid Dynamics (3FD)

Is the 3FD∗ model with the thermodynamic approach for polarization
consistent with observed Λ polarization?
[*] Ivanov, Russkikh and Toneev, PRC 73, 044904 (2006)

Why does the polarization decrease with
√

sNN while J
increases?

Au+Au at b = 8 fm, crossover EoS
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3FD Equations of Motion

Produced particles
populate mid-rapidity
⇒ fireball fluid

Target-like fluid: ∂µJµt =0 ∂µTµν
t =−F ν

tp + F ν
f t

Leading particles carry bar. charge exchange/emission

Projectile-like fluid: ∂µJµp =0, ∂µTµν
p =−F ν

pt + F ν
f p

Fireball fluid: Jµf =0, ∂µTµν
f =F ν

pt + F ν
tp−F ν

f p − F ν
f t

Baryon-free fluid Source term Exchange

The source term is delayed due to a formation time τ

Total energy-momentum conservation:
∂µ(Tµν

p + Tµν
t + Tµν

f ) = 0
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Hydrodymanic densities

Baryon current:
Jµα = nαuµα
nα = baryon density of α-fluid
uµα = 4-velocity of α-fluid

Energy-momentum tensor:
Tµν
α = (εα + Pα)uµαuνα− gµνPα
εα = energy density
Pα = pressure

+ Equation of state:

P = P(n, ε)
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Physical Input

Equation of State
crossover EoS and 1st-order-phase-transition (1PT) EoS
[Khvorostukhin, Skokov, Redlich, Toneev, (2006)]

Friction
calculated in hadronic phase (Satarov, SJNP 1990)
fitted to reproduce the baryon stopping in QGP phase

Freeze-out
Freeze-out energy density εfrz = 0.4 GeV/fm3

All parameters of the 3FD model are exactly the same as
in calculations of other (bulk and flow) observables
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vorticity in reaction plane at
√

sNN = 7.7 GeV
Au+Au (b = 6 fm)
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observations

Vorticity reaches peak values at the
participant-spectator border
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the vorticity in the participant bulk gradually dissolves in
the course of time

Conclusion: relative polarization of Λ hyperons should
be higher in the fragmentation regions than in the
midrapidity region

Ring-like structure in
fragmentation regions
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Votex rings
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at high energies strong votex rings

Projectile
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Projectile vortex ring

Target

[Ivanov, Soldatov, PRC 97, 044915 (2018)]

are formed even in central collisions

because of transparency of colliding nuclei

Femto-vortex sheets
Figure 3: The vortex sheet.

are produced in large numbers, their polarization may be easily determined in their weak

decays, and their spin is carried by strange quark.

We compare the two rather distinct methods of determining the hyperon polarization.

The first corresponds to its earlier suggested [3] and explored [5] relation to the induced

axial current while the second one follows the procedure based on the thermal vorticity [7].

The first method is based on the calculation of strange axial charge

Qs
5 =

Nc

2π2

∫
d3xµ2(x)γ2ǫijkui∂juk

=
< µ2γ2 > NcH

2π2
. (2)

In [5] we used the latter equality exploring the mean-value theorem, while here the spatial

6

at lower ener-
gies [Baznat, Gudima, Sorin, Teryaev, PRC 93 (2016) 031902]
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Estimation of Polarization

based on mean vorticity 〈$µν〉 and isochronous freeze-out.
〈$µν〉 averaged over

"midrapidity", i.e. central slab:
|x | < R−b/2, |y | < R−b/2, |z| < R/γcm

Au+Au at b = 8 fm, crossover EoS
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Midrapidity and Total Polarization

0

2

4

6

8

10
‹P

Λ
›[%

]

 Λ STAR
  Λ STAR

10 20 40864
√sNN [GeV]

0

5

10

15

20

‹P
Λ
›[%

]

Au+Au at b = 8 fm
 crossover EoS
 1PT EoS

total

midrapidity (a)

(b)

Estimation of uncertainty:
∼ 20% (for midrapidity)
∼ 30% (for total)
Ivanov, Toneev, Soldatov, PRC 100 (2019)

with the energy,
√

sNN , rise

the vorticity is stronger pushed out
to the fragmentation regions

(a) therefore, the midrapidity
polarization decreases

(b) while the total polarization
increases

votex rings in fragmentation regions
become more pronounced
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Summary

Global Λ polarization is consistent with our
understanding of collision dynamics within 3FD

vorticity is pushed out to fragmentation regions,
therefore

the midrapidity polarization decreases
while the total polarization increases with energy rise

Prediction: the Λ polarization should be stronger at
peripheral rapidities than that in the midrapidity region

Prediction: at high collision energies, strong vortex
rings are formed in fragmentation regions
Prediction: Midrapidity polarization at NICA/FAIR
energies is higher than at BES RHIC
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Results of thermodynamic Λ(Λ̄) polarization

/ Nuclear Physics A 00 (2018) 1–5 3
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Fig. 1. Left panel: collision energy dependence of mean polarization of primary Λ (solid curve), with feed-down contributions from
Σ(1385) and Σ0 (dotted curve) and with feed-down corrections from resonances up to Σ(1670) (dashed curve). Right panel: collision
energy dependence of mean polarization of Λ and Λ̄ including feed-down corrections from resonances up to Σ(1670) (and respective
antiparticles) in comparison with STAR measurements [1].
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Fig. 2. Time distributions of $xz component of thermal vorticity over the particlization hypersurface, visualized from two hydrody-
namic calculations with averaged initial state corresponding to 20-50% central Au-Au collisions at

√
sNN = 7.7 GeV (left panel) and

√
sNN = 62.4 GeV (right panel).

We would like to point out that qualitatively similar collision energy dependence of mean Λ polarization
has been found in a framework of ideal hydro model with non-boost-invariant Yang-Mills flux-tube initial
state, applied to RHIC BES energies [7].

Feed-down contributions. Primary Λ are only about 25-28% of all Λ produced. The rest is feed-down
contributions from decays of cocktail of heavier hyperons, which are themselves polarized via the same
mechanism. The largest sources of feed-down contributions are Σ∗ and Σ0 decays.

It can be shown that for the transfer of mean, momentum-integrated, spin vector in the rest frame of
particle, a linear rule applies [12]:

S∗D = CS∗X , (2)

where S denotes the mean spin vector, D is daughter particle, X is a parent resonance and coefficient C
is calculated for every particular decay process. For strong and electromagnetic decays, which conserve
parity, the coefficients C turns out to be independent on dynamical decay amplitudes, and is determined by
Clebsch-Gordan coefficients and values of spin and parity of the resonance and its decay products. This
coefficient has been calculated for various resonance decays and the values are reported in [12].
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B. Energy Dependence and Time evolution

The Λ polarization increases with its Feynman-xF =
pL/
√
s, as well as transverse momentum pT , had been

observed in experiments and can be partly attributed to
the ss̄ pair production mechanism. It was also predicated
that the polarization should also depend on the collision
energy

√
s, although early experiments did not find ev-

ident signals to confirm this [4, 5, 7]. Recently with an
exploration to low energy domain between 7.7 GeV to
27.0 GeV, the RHIC BES I program had successfully ob-
served the energy dependence of Λ polarization with a
higher EP resolution and better background extraction.

Using the PICR hydrodynamical model, we calculated
the global Λ polarization at the following energies: 11.5
GeV, 14.5 GeV, 19.6 GeV, 27 GeV, 39 GeV, 62.4 GeV,
and 200 GeV, and plotted them with red round symbols
in Fig. 3. The impact parameter is b0 = 0.7, i.e. the cen-
trality is c = 49%. For comparison the data of Λ and Λ̄
polarization from STAR (RHIC) were inserted into Fig.
3 with blue triangle symbols. One could see that our
model fits fairly well the experimental data. Although
the experimental Λ̄ polarization is larger than the Λ po-
larization, it will not change the averaged polarization
very much, because the production ratio of Λ̄ to Λ is
very small in high energy collisions [35].

Fig. 3 clearly shows that Λ polarization is dependent
on collision energy; it drops very fast with increasing en-
ergy from 11.4 GeV to 62.4 GeV, and tends to saturate
after 62.4 GeV. From thermodynamical perspective, the
polarization decreases with energy, and this can be at-
tributed to the higher temperature in higher energy col-
lisions. The drastic thermal motion of particles will de-
crease the quark polarization rate, which according to
Ref. [11] is inversely proportional to the collision en-
ergy. One the other hand, simulating results by AMPT
has shown that the averaged classical vorticity decreases
with the collision energy [36, 37], thus of course leads to
the decline of global Λ polarization.

It is also interesting to take a glance on the time evolu-
tion of Λ polarization, shown in Fig. 4. In this figure, the
Λ polarization increases slowly at early stage, then falls
down very fast. The negative polarization values that
occur at 62.4 GeV after 10 fm/c, demonstrate the loss
of validity of the hydrodynamical model at late stages
of system expansion, due to the large surface to volume
ratio. Besides, at early stages, no Λs are produced, so
the climbing segment of the curves before 4 fm/c is not
observable.

IV. SUMMARY AND CONCLUSIONS

With a Yang-Mills field initial state and a high res-
olution (3+1)D Particle-in-Cell Relativistic (PICR) hy-
drodynamics simulation, we calculate the Λ polarization
for different low energies and different impact parame-
ters. The polarization in high energy collisions originates
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FIG. 3. (Color online) The global polarization, 2〈Π0y〉p,
in our PICR hydro-model (red circle) and STAR BES experi-
ments (green triangle), at energies

√
s of 11.5 GeV, 14.5 GeV,

19.6 GeV, 27.0 GeV, 39.0 GeV, 62.4 GeV, and 200 GeV. The
experimental data were extracted from Ref. [24], with solid
triangle for Λ and hollow triangle for Λ̄, dropping the error
bars.

4 6 8 1 0 1 2
0 . 0
0 . 5
1 . 0
1 . 5
2 . 0
2 . 5
3 . 0
3 . 5

2<
Π

0y
> (

%)

t  ( f m / c )

 1 1 . 5 G e V
 2 7 . 0 G e V
 6 2 . 4 G e V

FIG. 4. (Color online) The time evolution of global polar-
ization, 2〈Π0y〉p, for energy

√
s= 11.5 GeV, 27 GeV and 62.4

GeV.

from initial angular momentum, or the inequality of lo-
cal density between projectile and target, and both of
them are sensitive to the impact parameter. Thus, we
plotted the global polarization as a function of impact
parameter b and a linear dependence on b was observed.
We hope that after upgrading the Event Plane Detector,
the STAR will provide a higher resolution EP determina-
tion and centrality, to determine precisely the centrality
dependence of global Λ polarization.

Furthermore, the global Λ polarization in our model
decreases very fast in low energy domain, and the de-
cline curve fits very well with the recent results of Beam
Energy Scan (BES) program launched by STAR (RHIC).
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FIG. 3. The global Λ polarization at energies from 7.7 GeV to
200 GeV. The blue solid line represents the global polarization
of primary Λs and the black dashed line shows global polar-
ization of primary plus feed-down Λs. The unfilled squares
and circles represent the global Λ and Λ̄ polarization mea-
surements at STAR [25, 34].

B. Collisional energy dependence of global
polarization

As shown in last subsection, the global Λ polarization
decreases as the collisional energy increases: the value of
P at 7.7 GeV is more than 10 times of that at 200 GeV.
This behavior contradicts the energy dependence of the
global angular momentum. The reason for a small global
polarization at high collisional energy where angular mo-
mentum is large is investigated in this section.

According to our numerical calculation, we find the
most contribution to the global Λ polarization comes
from the ̟S term in Eq. (5) rather than the ̟T term.
Similar result can also be found in Ref. [12]. Therefore
the global polarization in Eq. (8) can be approximated
as

P =
1

N

N∑

i=1

C

2
̟zx(xi), (10)

where ̟zx(xi) is the y-component of ̟S in Eq. (4) at
the space-time point of the i-th Λ, and the coefficient
C encapsulates the contribution from the ratio Ep/m
in Eq. (5) and the Lorentz boost correction from S to
S∗ in Eq. (6). In the non-relativistic limit, Λ’s energy-
momentum (Ep,p) tends to (m, 0) which leads to C = 1,
so one can treat the coefficient C as a relativistic cor-
rection. By comparing the global polarization calculated
from Eqs. (5-8) with the one from Eq. (10), we find C is
around 1 which is not sensitive to the collisional energy.
Then the energy behavior of the polarization is approx-
imately proportional to the rest part of Eq. (10), which
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FIG. 4. The distribution of the Λ’s production position inte-
grated over t and y as a function of x and η at

√
sNN = 7.7

GeV (upper panel) and 200 GeV (lower panel). The midra-
pidity region |η| < 1 is between the black dashed lines.

we can rewrite in an integration form

P ∝
ˆ

d4x fΛ(x)̟zx(x), (11)

where we have omitted the coefficient C/2, and fΛ(x) is
the space-time distribution of Λ at hadronization. One
can see clearly from Eq. (11) that the global polarization
is jointly determined by the space-time distribution of Λ
and the thermal vorticity field ̟zx.
In the following, we investigate the energy dependence

of fΛ and ̟zx and study how they combine to determine
the energy behavior of the polarization. We show fΛ and
̟zx in Fig. 4 and 5 separately for

√
sNN = 7.7 GeV

and 200 GeV. The results at other BES energies between
these two energies can be regarded as some kind of in-
terpolation between them. We also select b = 7 fm for
illustration.
Figure 4 shows the distribution of the Λ’s production

position integrated over t and y, so it is a function of
x and the space-time rapidity η. We see that fΛ has a
sidewards tilt, namely more Λ are produced in the upper-
right and lower-left region due to an asymmetric matter
density distribution in off-central collisions. In the midra-
pidity region |η| < 1 (between the black dashed lines in
Fig. 4) that we are interested in, fΛ still shows a tilt at
7.7 GeV, but it is almost symmetric in both x and η at
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FIG. 3: Rapidity dependence of the spin polarization of
midrapidity (|y| ≤ 1) Λ and Λ̄ hyperons along different di-
rections in Au+Au collisions at
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FIG. 4: Energy dependence of the spin polarization of midra-
pidity (|y| ≤ 1) Λ and Λ hyperons in Au+Au collisions at
energies from 7.7 GeV to 200 GeV. Data with error bars are
from the STAR Collaboration [21, 46].

energy, and this is due to the decrease of the vorticity
field in the partonic matter at freeze-out as a result of
both the decrease of the initial vorticity field and the
longer lifetime of partonic phase, which leads to a de-
crease of the final vorticity field, with increasing collision
energy [1, 2, 10]. These results are similar in both trend
and value to the experimental data [21] and results from

other studies based on the statistical model after a hy-
drodynamic or transport evolution of the produced mat-
ter [10, 22]. There are also feed-down corrections from
resonance decays, which are not included in the present
study. According to Refs. [10, 47, 48], including Λ and Λ̄
from resonance decays reduces the polarization of Λ and
Λ̄ hyperons by 15% to 20%. On can see from Fig. 4 that
including this effect is expected to bring our results into
better agreement with the data.

VI. SUMMARY

We have used the chiral kinetic equations to study the
effect of vorticity field on the spin polarizations of light
and strange quarks and antiquarks based on initial con-
ditions from the AMPT model. We find that they all
acquire non-vanishing spin polarizations as a result of
the chiral vortical effects on their equations of motion.
Their polarizations are further increased by the modified
collisions due to the modification of their phase-space dis-
tributions. Using the coalescence model to convert light
and strange quarks and antiquarks to Λ and Λ̄ hyper-
ons after the partonic phase, we have further found that
their spin polarizations, which are determined by those
of strange quarks and antiquarks, are comparable to the
experimental data. However, we have not included the
effect of hadronic evolution on the Λ and Λ̄ polariza-
tions. To study this effect requires a hadronic transport
model that includes explicitly their spin degrees of free-
dom, such as in Refs. [49–51], and is beyond the present
study. Also, Λ and Λ̄ have same polarization in our study
because they are described by the same chiral kinetic
equations of motion and modified collisions. The present
study thus cannot explain the seemingly larger Λ̄ than Λ
polarization seen in the experimental data. Furthermore,
we have only considered the global spin polarizations of
Λ and Λ̄ hyperons. Since the transport model includes
non-equilibrium effects and the local structure of vortic-
ity field, it provides the possibility to study the local
structure of the spin polarization [16] and other interest-
ing features of this phenomenon.
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where NΣ∗ = NΣ∗+ + NΣ∗0 + NΣ∗− , NΞ = NΞ0 + NΞ− ,
NΞ∗ = NΞ∗0 +NΞ∗− , and BHfHi

is the branching ratios
for the transitions Hi → Hf + . . . between the initial
(Hi) and final (Hf ) hyperons. In Eq. (21) we take into
account that the branching ratios BΛΣ0 and BΞΞ∗ are
equal to one and that Σ∗0 does not decay in Σ0 +π0. For
other branching ratios we have from [44] BΛΣ∗ = 0.870 ,
BΣΣ∗ = 0.117 , and BΛΞ = 0.995 . Relations similar to
Eq. (21) hold also for anti-hyperons.

As argued in [27], the polarization of a daughter (D)
baryon is proportional to the polarization of a parent

(P ) baryon ~S∗D = CDP ~S
∗
P , where CDP is a spin recou-

pling coefficient. For strong and electromagnetic decays
CDP is found in [21, 27] to be independent of the decay
kinematics with the result CΞΞ∗ = CΛΣ∗ = CΣΣ∗ = 1

3

and CΛΣ0 = − 1
3 , whereas in weak decays of Ξ the recou-

pling coefficient does depend on the decay kinematics and
CΛΞ− = 0.927 , and CΛΞ0 = 0.900 . Thus, the averaged
polarization of secondary Λ particles can be calculated
as

~S
(sec.)
Λ = ~S

(Σ)
Λ + ~S

(Σ∗)
Λ + ~S

(Ξ)
Λ + ~S

(Ξ∗)
Λ , (22)

~S
(Σ)
Λ = CΛΣ0pΣ0 ~SΣ

~S
(Σ∗)
Λ =

[
CΛΣ∗BΛΣ∗pΣ∗

+
1

2
CΛΣ0CΣΣ∗BΣΣ∗(pΣ∗+ + pΣ∗−)

]
~SΣ∗ ,

~S
(Ξ)
Λ = BΛΞ(CΛΞ0pΞ0 + CΛΞ−pΞ−)~SΞ ,

~S
(Ξ∗)
Λ =

1

3
BΛΞCΞΞ∗

[
(CΛΞ0 + 2CΛΞ−)pΞ∗0

+ (CΛΞ− + 2CΛΞ0)pΞ∗−
]
~SΞ∗ .

where pH is a relative contribution of hyperon H to the

total number of Λs, pH = NH/(NΛ + N
(sec.)
Λ ). The

averaged contribution of primary Λs is then given by
~S

(prim.)
Λ = ~SΛ pΛ. The same relations are valid also for

anti-hyperons.
Taking into account a possibility of multi-step two-

body decays, we write the mean spin vector of
primary+feed-down Λs and the corresponding polariza-
tion as

~S∗Λ,tot =
1

2
~P ∗Λ,tot = ~S

(prim.)
Λ + ~S

(sec.)
Λ . (23)

The average polarization vector calculated within the
PHSD model, (17) for Au+Au(

√
s = 7.7 GeV) collisions

and centrality 20 − 50% is plotted in Fig. 6 for differ-
ent moments of time. For the considered reaction we
compute the global Λ polarization and estimate the Λ′s
feed-down from resonance decays, cf. Eq. (23). The ex-
perimental cut |ηΛ| ≤ | 1 is taken into account at a fixed
time moment in such a way that it does not influence on
the subsequent hadron evolution. At time t ≈10 fm/c,
the projection of the Λ polarization onto the direction
of the global angular momentum in off-central collisions,
P ∗Λ,tot ≈ 2% which is nicely close to the experimental
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FIG. 6: (Color-online) Time dependence of the average hy-
peron polarization in peripheral Au+Au collisions. Full cir-
cles and triangles correspond to the primary and resonance
decaying Λ, respectively, while similar but empty marks cor-
respond to Λ̄. Stars with error bars are experimental data for
Au+Au collisions at

√
sNN =7.7 GeV [35].

value 2. ± 0.6%, cf. Ref. [35], with the feed-down fac-
tor about 25%. As to Λ, none of the available models
can predict correctly P ∗

Λ,tot
which is close or even higher

than PΛ,tot. The energy
√
s = 7.7 GeV is of particular

interest. Here the measured P ∗
Λ,tot

= 8.7 ± 3.5% is four

times larger than P ∗Λ,tot [35] and fluctuates at later time
of interaction.

V. CONCLUSIONS

An analysis of vorticity within the kinetic PHSD model
was performed for peripheral Au+Au collisions at the en-
ergy

√
sNN =7.7 GeV. The relativistic vorticity reaches

a maximum soon after local equilibrium when the rota-
tion equilibrates in the system. Then, similarly to other
model considerations, the vorticity decreases rapidly due
to explosive expansion of the system, still at ≈ 5 fm/c
after the beginning of fluid dynamical expansion. Transi-
tion to the analysis in terms of the thermal vorticity gives
larger values even at ultrarelativistic RHIC and LHC en-
ergies. A similar study was performed recently [31, 32] in
the QGSM approach. In the PHSD model the vorticity
is oriented in the −y direction and the result is maximal
transverse polarization for particles emitted in the reac-
tion plane in the (+/−)x direction while the polarization
of particles emitted into the perpendicular (+/−)y direc-
tion is negligible. In the case of chiral vortaic effect with
time significant helicity enhancement is expected for par-
ticles emitted in the (+/−)y direction.

The calculated global polarization of Λ in midrapidity
region is close to the measured one but Λ̄ polarization is
strongly underestimated.

PHSD Model
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IV. SPIN POLARIZATION OF HYPERONS

The spatial structure of the thermal vorticity discussed in
Sec. III can be transformed into the structure of the spin po-
larization of Λ and Λ̄ hyperons in momentum space. In Fig. 6
(left) we show our result for the global spin polarization of
Λ and Λ̄ hyperons along the y direction, i.e., the direction of
the total OAM, for Au + Au collisions in the centrality region
20-50% and rapidity region −1 < Y < 1 from

√
s = 7.7 to

200 GeV, where Y = 1
2 ln[(p0 + pz)/(p0 − pz)]. Within the

error bars, our numerical result is consistent with the experi-
mental data except for 7.7 GeV where the data for Λ̄ is very
large. We do not take into account the possible feed-down
contributions to the global polarization; the previous estimate
showed that including such contributions will suppress the Λ
and Λ̄ polarization by about 10 − 20% [5, 49, 54–56]. Com-
paring to Fig. 1, we emphasize that the energy dependence of
Py is consistent with that of $zx. We also depict the pT and
rapidity Y dependence of the global polarization and compare
to the experimental data in Fig. 7. The results show different
patterns as those simulated in Ref. [57]. The rapidity depen-
dence is qualitatively consistent with the spacetime-rapidity
dependence of fluid vorticity [18]. Within error bars, consis-
tence between the data [6] and our simulation is seen.
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FIG. 6. (Color online) (Left) The averaged Λ and Λ̄ spin polarization
along y direction in 20-50% centrality range of Au+Au collisions as
a function of collision energy. The rapidity window for Λ and Λ̄ is
|Y | < 1. Open points: STAR data [5, 6]. Red solid points: this work.
(Right) The spin polarization Py for Ξ0 and Ω−. Other parameters
are the same as the left panel.

In Fig. 6 (right) we draw the spin polarization of Ξ0 and
Ω− for Au+Au collisions in 20 - 50% centrality range and ra-
pidity window |Y | < 1 . The results are similar with that of
Λ and Λ̄ and can be understood by noticing the mass ordering
and spin ordering among Λ, Ξ0, and Ω−: mΛ < mΞ0 < mΩ−

and spin(Ω−) = 3/2, spin(Ξ0) = spin(Λ) = 1/2. Accord-
ing to Eq. (4) and Eq. (6), lighter and higher-spin particles
are easier to be polarized by the fluid vorticity. The study of
Ξ0 and Ω− polarization may also provide useful information
for the understanding of the magnetic field contribution to the
spin polarization of hadrons. This is because that the valence
quark contents of Λ, Ξ0, and Ω− are uds, uss, and sss, re-
spectively, and their magnetic moments are all dominated by
strange quarks, µΛ ≈ µs, µΞ0 ≈ 2µs, and µΩ− ≈ 3µs. As

µs ≈ −0.613µN < 0, the magnetic field (which is roughly
along the same direction as the OAM) will give a negative
contribution to the spin polarization and thus will reduce the
polarization spitting among Λ, Ξ0, and Ω− or even violate the
polarization ordering as shown in Fig. 6 (right) which does not
contain any magnetic field contribution.
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FIG. 7. (Color online) The pT and rapidity dependence of the global
polarization at different collision energies. Open points: STAR
data [6]. Dotted lines: this work.

Next, we study the final-state Λ and Λ̄ spin response to the
vortical quadrupole in the partonic phase as shown in Fig. 5.
In Fig. 8, we show the distribution of event-averaged Py for
Λ and Λ̄ in the rapidity-azimuth (Y -φ) plane for Au + Au
collisions at 19.6 and 200 GeV and centrality 20-50%. Corre-
sponding to Fig. 5 in coordinate space, the quadrupole in Py
in momentum space is also clearly seen in Fig. 8. If we focus
on the mid-rapidity region, e.g., |Y | < 1, where the global
OAM contribution could dominate, we find that Py increases
from the in-plane direction to the out-of-plane direction, as
shown in Fig. 9 which is, however, opposite to the experimen-
tal data. We note that similar opposite-to-experiment behavior
of Py was also seen in the hydrodynamic simulations [16, 58].
This discrepancy between theoretical calculations and exper-
imental data is very puzzling. One issue that may affect the
azimuthal dependence is that the spin polarization along the
out-of-plane direction may be quenched by the hot medium
which is not taken into account in the theoretical calculations.
We will in future works study this puzzle.
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FIG. 8. (Color online) The rapidity-azimuth distribution of the event-
averaged spin polarization of Λ and Λ̄ for Au + Au collisions at 20-
50% centrality range at 19.6 and 200 GeV, respectively.
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Polarization due to axial vortical effect
Relativistic Kinematic Vorticity = ωµν = 1

2(∂νuµ − ∂µuν)

uµ = collective local 4-velocity of the matter,

is relevant to the axial vortical effect
[Rogachevsky, Sorin, Teryaev, PRC 82, 054910 (2010)
Gao, Liang, Pu, Wang and Wang, PRL 109, 232301 (2012)]

strange axial current = Jν5s = Nc

∫
d3x

(
µ2

s
2π2 + κ

T 2
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)
εναβγuα∂βuγ
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FIG. 1: (Color online) The axial current induced by vorticity
leads to the local polarization effect. The momentum (spin)
direction is in the red-dashed (blue-solid) arrow.

Refs. [9, 10] with the requirement of the second law of
thermodynamics.
Multi-flavor fluid. — So far we have only considered a

fluid with a single type of fermions. An extension to the
case of multi-flavor quarks is straightforward. We can
consider a three-flavor fluid with u, d and s quark and
their anti-quarks. Note that each quark carries Nc fun-
damental color charges. For the induced electromagnetic
and baryonic vector current jµ,

ξbaryon =
Nc

π2
µµ5, ξ

baryon
B =

Nc

6π2
µ5

∑

f

Qf ,

ξEM =
Nc

π2
µµ5

∑

f

Qf , ξ
EM
B =

Nc

2π2
µ5

∑

f

Q2
f . (26)

For this three-flavor quark matter we have
∑

f Qf = 0,

and ξbaryonB = ξEM = 0. This implies that the CME
(CVE) dominates the electromagnetic (baryonic) current
[3]. For the induced baryonic axial-vector current jµ5 ,

ξ5 = Nc

[
1

6
T 2 +

1

2π2
(µ2 + µ2

5)

]
,

ξB5 =
Nc

6π2
µ
∑

f

Qf = 0. (27)

Therefore, magnetic fields cannot induce the axial-vector
current in a three-flavor quark matter, which can only be
induced by vorticity.
Local polarization effect. — An axial-vector current

induced by vorticity implies that the right (left)-handed
fermions move parallel (opposite) to the direction of vor-
ticity. Since the momentum of a right (left)-handed mass-
less fermion is parallel (opposite) to its spin, all spins are
parallel to the direction of vorticity (see Fig. 1 for il-
lustration). This results in the local polarization effect
(LPE) similar to what was proposed in Refs. [18–20] due
to spin-orbital coupling. The LPE can be measured via
hadron (e.g. hyperon) polarization along the direction of
vorticity or the global orbital angular momentum in non-
central heavy-ion collisions [18]. Note that ξ5 in Eq. (27)

has three quadratic terms in T , µ and µ5. Therefore,
the LPE should be present in both high and low energy
heavy-ion collisions with either low baryonic chemical po-
tential and high temperature or vice versa.
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polarization = 〈ΠΛ〉 =

〈
mΛ

NΛ py
J0

5s

〉

µs = chemical potential of s-quark, T = temperature,

κ = a variable parameter,

py = Λ’s momentum transverse to reaction plane
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Figure 4. Comparison of Λ and Λ̄ polarizations for di�erent values of gravitational anomaly
contribution.

expression analogous to induced anomalouys current. This may be related to the fact that the
in-medium current correlators should include triangle diagrams when the expansion over the
external parameters is performed. This however does not imply the anomaloud non-conservation
of axial current. The appearance of extra contributions to axial current [29] may be due to the
ambiguity in Wigner function de�nition [30]. One can even guess that their absence may be used
as a constraint for the proper de�nition of Wigner function.

7. Conclusions and Outlook
We found that the anomalous mechanism may naturally explain decrease of polarization with
energy.
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