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Motivation

Do the global polarization, angular momentum and flow
correlate?
Important: global polarization is measured in midrapidity
region |η| < 1.
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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 ) pσε

µνρσ∂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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3FD Equations of Motion

Produced particles
populate mid-rapidity
⇒ fireball fluid

Target-like fluid: ∂µJµ
t =0 ∂µTµν

t =−F ν
tp + F ν

f t
Leading particles carry bar. charge exchange/emission

Projectile-like fluid: ∂µJµ
p =0, ∂µTµν

p =−F ν
pt + F ν

f p

Fireball fluid: Jµ
f =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:
Jµ
α = nαuµ

α

nα = baryon density of α-fluid
uµ
α = 4-velocity of α-fluid

Energy-momentum tensor:
Tµν
α = (εα + Pα)uµ

αuν
α− 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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Estimation of Polarization
based on mean vorticity 〈$µν〉 and isochronous
freeze-out.
〈$µν〉 averaged over “midrapidity region”.
Calculation over central region (= “midrapidity region”)
rather than over true midrapidity region
Therefore, it is an estimation rather than calculation.
Refined approach as comrared to PRC 100 (2019)
014908

"midrapidity", i.e. central slab
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“Midrapidity” Polarization
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Correlations

Global polarization correlates with neither the angular
momentum accumulated in the central region nor with
directed and elliptic flow.

Correlation between the angular momentum and
directed flow
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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
[A. Vilenkin, PRD 20, 1807 (1979); 21, 2260 (1980).]

strange axial current = Jν
5s = Nc

∫
d3x

(
µ2

s
2π2 + κ

T 2

6

)
εναβγuα∂βuγ

4

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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Polarization due to AVE

AVE explains difference between PΛ and PΛ̄

AVE P exceeds thermodynamic P at low collision energies
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Summary

Global Λ polarization correlates with neither the
angular momentum accumulated in the central
region nor with v1 and v2 flow

Correlation between the angular momentum and
directed flow

AVE well describes STAR data on global polarization
and explains difference between PΛ and PΛ̄

AVE P essentially exceeds thermodynamic P at low
collision energies


