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Local vorticity and polarization
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Local vorticity induced by anisotropic flow results in  
polarization along the beam direction, Pz 

Models based on thermal vorticity cannot explain the data 
(“spin puzzle" in heavy-ion collisions) 
Recently, inclusion of a shear term might explain the Pz 
measurement qualitatively 

Similar polarization is expected due to higher harmonic flow
‣ new insights into polarization phenomena

S. Voloshin, EPJ Web Conf.171, 07002 (2018)
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Finally, we have compared the data with the predictions
of Eq. (10) at four different decoupling temperatures in
Figs. 5 and 6 by integrating the pT spectrum of the Λ in the
same range as in the data, that is 0.5–6 GeV. It can be seen
that the longitudinal component Pz is very sensitive to the
decoupling temperature, and it is in very good agreement
with the data, for Tdec value around 150–160 MeV; for
temperatures below around 135 MeV, the sign of the
longitudinal polarization flips. The PJ component is now
predicted to have a maximal value on the reaction plane, in
agreement with the data, however, with a milder descent as
a function of the azimuthal angle; also, it is less sensitive to
Tdec. We also note that the global polarization resulting
from the integration of PJ is still in a reasonably good
agreement with previous calculations. Also shown, in both
figures, are the contributions from the kinematic vorticity ω
(thin dashed line) and the kinematic shear Ξ (thin smaller
dashed line), at the decoupling temperature of 150 MeV. It
can be seen in Fig. 6 that the latter is crucial to flip the sign
of Pz and restore the agreement with the data, while the
vorticity term alone would give the wrong sign, as already
remarked in Ref. [6].
Discussion, conclusions, and outlook.—The recently

found additional shear term and the realization of the
constancy of Tdec are the two key ingredients to reproduce
the local polarization and the PJ and Pz patterns. This
finding is thus a striking confirmation of the local equi-
librium picture or, in perhaps more suggestive words, the
quasi-ideal fluid paradigm of the QGP, even in the spin
sector. Dissipative corrections to spin polarization may play
a role, but they appear not to be decisive. The standard

hydrodynamic picture with the initial conditions obtained
by fitting radial spectra, elliptic and directed flow, works
very well for the local polarization too. Another strong
indication from this finding is that, at very high energy, the
QGP hadronizes in space-time at constant Tdec to a more
accurate level than one could have imagined. Indeed, its
sensitivity to the gradients of the thermodynamic fields,
makes spin the ideal probe to investigate the space-time
details of hadron formation. Furthermore, as we have
shown, the longitudinal spin polarization turns out to be
very sensitive to the decoupling temperature, the causes of
which deserve to be studied in detail. Looking ahead to
future investigations, it is certainly important to compare
the predictions of the formula (10) as a function of
transverse momentum and rapidity besides azimuthal
angle. At lower energy, where the chemical potentials
are relevant, one can expect a decoupling hypersurface
different from the simple T ¼ const, and this will require a
reconsideration of the (10) in order to obtain accurate
predictions.
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FIG. 6. Λ polarization component along the beam direction, as
a function of the azimuthal angle ϕ, computed with vHLLE for
(20–60)% Au-Au collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV. Experimental
data points are taken from [38] and conversion from hcos θ"pi to
PH is performed using αH ¼ 0.732 [44]. Error bars represent the
sum of statistical and systematic uncertainties. Line styles
correspond to different decoupling temperatures as in Fig. 5.
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and p1 are fit parameters. The data are consistent with a
sine structure for both Λ and Λ̄, as expected from the
elliptic flow.
In the invariant mass method, the second-order Fourier

sine coefficient of Pz, p1 ¼ hPzsinð2ϕ − 2Ψ2Þi, was mea-
sured as a function of the invariant mass. Following the
same procedure as described in Ref. [15], the sine coeffi-
cient was directly extracted. The extracted coefficients in
both methods were divided by ResðΨ2Þ to account for the
finite event plane resolution. The invariant mass method
was used to calculate the sine coefficient of Pz reported
below and the event plane method was used to cross-check
and provide an estimate of the systematic uncertainty.
The systematic uncertainties were estimated by variation

of the topological cuts (< 2%), comparing the results from
two methods for signal extraction (5%) as mentioned
above, using different subevents (−1 < η < −0.5 and
0.5 < η < 1) for Ψ2 determination (< 11%), and estimates
of the possible background contribution to the signal
(4.3%). The numbers are for midcentral collisions. Also
the uncertainty from the decay parameter is accounted for
(2% for Λ and 9.6% for Λ̄; see Ref. [15] for details). We
further studied the effect of a possible self-correlation
between the particles used for the Λ (Λ̄) reconstruction
and the event plane by explicitly removing the daughter
particles from the event plane calculation. There was no
significant difference between the results. The Λ and Λ̄
reconstruction efficiencies were estimated using GEANT

[31] simulations of the STAR detector [23]. The correction
is found to lower mean values of the Pz sine coefficient by
∼10% in peripheral collisions and increases up to ∼50% in
central collisions, although the variations are within stat-
istical uncertainties. No significant difference was observed
between Λ and Λ̄ as expected. Therefore, results from both
samples were combined to reduce statistical uncertainties.
Figure 3 presents the centrality dependence of the second

Fourier sine coefficient hPzsinð2ϕ − 2Ψ2Þi. The increase
of the signal with decreasing centrality is likely due to
increasing elliptic flow contributions in peripheral colli-
sions. We note that, unlike elliptic flow, the polarization
seems to disappear in the most central collisions, where the
elliptic flow is still significant due to initial density
fluctuations. Because of large uncertainties in peripheral
collisions, it is not clear whether the signal continues to
increase or levels off. The results are compared to a
multiphase transport (AMPT) model [32]. The AMPT
model predicts the opposite phase of the modulations
and overestimates the magnitude.
Since the elliptic flow also depends on pT as well as on

the centrality, the polarization may have pT dependence.
Figure 4 shows the sine coefficients of Pz as a function of
the hyperon transverse momentum. No significant pT
dependence is observed for pT > 1 GeV=c, and the stat-
istical precision of the single data point for pT < 1 GeV=c
is not enough to allow for definitive conclusions about the

low pT dependence. In the hydrodynamic model calcu-
lation [18], the sine coefficient of Pz increases in magnitude
with pT but shows the opposite sign to the data.
The reason for this sign difference between the data and

the model calculations is under discussion [33–35]. It is
likely related to the relative contributions to the polarization
from the kinematic vorticity originating from the elliptic
flow, and from the temporal gradient of temperatures at the
time of hadronization [18]. A recent calculation using the
chiral kinetic approach predicts the same sign as the data
[36]. The model accounts for the transverse component of
the vorticity, resulting in the axial charge currents. Both
the hydrodynamic and transport models calculate local
vorticity at freeze-out and convert it to the polarization
assuming local thermal equilibrium of the spin degrees of
freedom, while the chiral kinetic approach takes into
account nonequilibrium effects but does not consider a
contribution from the temperature gradient, which is a main
source of Pz in the hydrodynamic model.
Both the hydrodynamic and chiral kinetic models indi-

cate that the contribution from the kinematic vorticity to Pz
is negligible or opposite in sign to the naive expectation
from the elliptic flow. In order to estimate the contribution
from the kinematic vorticity, we employed the boost
invariant blast-wave (BW) model [37–39]. Following
Ref. [39], the system transverse velocity field at freeze-
out can be parametrized with temperature (T) and trans-
verse flow rapidity (ρ) defined as ρ ¼ r̃½ρ0 þ ρ2 cosð2ϕbÞ&.
Here ρ0 and ρ2 are the maximal radial expansion rapidity
and its azimuthal modulation, r̃ is the relative distance to
the edge of the source, and ϕb defines the direction of the
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FIG. 3. The second Fourier sine coefficient of the polarization
of Λ and Λ̄ along the beam direction as a function of the collision
centrality in Au þ Au collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV. Open
boxes show the systematic uncertainties. Dotted line shows the
AMPT calculation [32] scaled by 0.2 (no pT selection). Solid and
dot-dashed lines with the bands show the blast-wave (BW) model
calculation for pT ¼ 1 GeV=c with Λ mass (see text for details).
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ter of fact, in all the previously derived expressions, one
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multiplied by 1/Tdec, where Tdec is the decoupling tem-
perature. Particularly, the spin polarization vector of an
emitted spin 1/2 baryon is:
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is the kinematic shear, including the properly called shear
tensor as well as the expansion scalar @ · u and acceler-
ation terms. Therefore, the equation (10) is the best
approximation of the spin polarization vector of a spin
1/2 baryon, at local thermodynamic equilibrium and at
linear order in the gradients of the thermodynamic fields
for a fixed decoupling temperature hypersurface. This
equation upgrades the original (1) and we are going to
show that it is able to restore the agreement between the
local equilibrium-hydrodynamic model and the data.

Analysis of Au-Au collisions at
p

sNN = 200 GeV -
We now compare the predictions of the hydrodynamic

model with typical initial conditions with the polariza-
tion data. We have used two di↵erent 3+1 D viscous
hydrodynamic codes implementing relativistic hydrody-
namics in the Israel-Stewart formulation: vHLLE [34]
and ECHO-QGP [35, 36]. The parameters defining the
initial hydrodynamic conditions have been set to repro-
duce charged particle multiplicity distribution in pseudo-
rapidity as well their elliptic flow and directed flow in
Au-Au collisions at

p
sNN = 200 GeV.

FIG. 2. ⇤ polarization components at mid-rapidity as a func-
tion of its transverse momentum (px, py), computed with vH-
LLE for 20-60% Au-Au collisions at

p
sNN = 200 GeV. Up-

per panel: polarization induced by thermal vorticity $, lower
panel: polarization induced by thermal shear ⇠.

In order to match the experimental conditions of the lo-
cal polarization measurements of ⇤ hyperons [37], we set
the same centrality range in our hydrodynamic simula-
tions, corresponding to 20-60% central Au-Au collisions.
vHLLE simulations have been initialized with averaged
entropy density profile from the Monte Carlo Glauber
model, generated by GLISSANDO v.2.702 code [38];
ECHO-QGP has been initialized with optical Glauber
initial conditions by using the same method as in ref. [39],
with a fixed impact parameter b set to 9.2 fm.

In figure 2 we show the components of the rest-frame
polarization vector P = 2S⇤ along the angular momen-
tum PJ and along the beam direction Pz (for the de-
scription of the QGP conventional reference frame, see
[40]) as a function of the transverse momentum of the
⇤ hyperon for rapidity y = 0, from vHLLE calculation.
The upper panels show the predictions of the formula (1),
and the lower panels the predictions of the new term (3),
at a decoupling temperature Tdec = 165 MeV. The two
contributions are of comparable magnitude and, most im-
portantly, the new term provides a local polarization in
qualitative agreement with the data [37, 41], both for
the PJ and the Pz components, and in agreement with
a very recent analysis [42] of the thermal shear contribu-
tion. The two terms are added up and the result shown
in the upper panels of the figure 3. It can be seen that,
although the model predictions are somewhat closer to
the experimental findings, there is still a consistent dis-
crepancy: a basically uniform PJ [41] and still the wrong
sign of Pz [37]. Finally, by using the formula (10), based
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model with typical initial conditions with the polariza-
tion data. We have used two di↵erent 3+1 D viscous
hydrodynamic codes implementing relativistic hydrody-
namics in the Israel-Stewart formulation: vHLLE [34]
and ECHO-QGP [35, 36]. The parameters defining the
initial hydrodynamic conditions have been set to repro-
duce charged particle multiplicity distribution in pseudo-
rapidity as well their elliptic flow and directed flow in
Au-Au collisions at

p
sNN = 200 GeV.

FIG. 2. ⇤ polarization components at mid-rapidity as a func-
tion of its transverse momentum (px, py), computed with vH-
LLE for 20-60% Au-Au collisions at

p
sNN = 200 GeV. Up-

per panel: polarization induced by thermal vorticity $, lower
panel: polarization induced by thermal shear ⇠.

In order to match the experimental conditions of the lo-
cal polarization measurements of ⇤ hyperons [37], we set
the same centrality range in our hydrodynamic simula-
tions, corresponding to 20-60% central Au-Au collisions.
vHLLE simulations have been initialized with averaged
entropy density profile from the Monte Carlo Glauber
model, generated by GLISSANDO v.2.702 code [38];
ECHO-QGP has been initialized with optical Glauber
initial conditions by using the same method as in ref. [39],
with a fixed impact parameter b set to 9.2 fm.

In figure 2 we show the components of the rest-frame
polarization vector P = 2S⇤ along the angular momen-
tum PJ and along the beam direction Pz (for the de-
scription of the QGP conventional reference frame, see
[40]) as a function of the transverse momentum of the
⇤ hyperon for rapidity y = 0, from vHLLE calculation.
The upper panels show the predictions of the formula (1),
and the lower panels the predictions of the new term (3),
at a decoupling temperature Tdec = 165 MeV. The two
contributions are of comparable magnitude and, most im-
portantly, the new term provides a local polarization in
qualitative agreement with the data [37, 41], both for
the PJ and the Pz components, and in agreement with
a very recent analysis [42] of the thermal shear contribu-
tion. The two terms are added up and the result shown
in the upper panels of the figure 3. It can be seen that,
although the model predictions are somewhat closer to
the experimental findings, there is still a consistent dis-
crepancy: a basically uniform PJ [41] and still the wrong
sign of Pz [37]. Finally, by using the formula (10), based

vorticity: 
shear:

??
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Local polarization measurement
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Polarization along the beam direction

 19
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Stronger flow in in-plane than in out-of-plane, known as elliptic flow, 
makes local vorticity (thus polarization) along beam axis.

(if perfect detector)
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1
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=
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F. Becattini and I. Karpenko, PRL120.012302 (2018)

αH: hyperon decay parameter 
θp*: θ of daughter proton in Λ rest frame
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θp*: polar angle of daughter  
       proton in Λ rest frame

decay parameter
accounts for acceptance effect 
(close to 1/3)
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Ru+Ru and Zr+Zr collisions at √sNN = 200 GeV 
 (~3.8B events in total) 
Event planes determined by tracks from TPC 
Λ hyperons reconstructed via decay topology 
Polarization measurement utilizing Λ weak decay
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z

Clear Ψ2 dependence as seen in Au+Au at 200 GeV 
First measurement relative to the 3rd-order event plane Ψ3! 
Similar pattern to the 2nd-order, as expected from triangular flow

*Not accounted for EP resolution and decay parameter
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Centrality dependence of Pz modulation
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Comparable 2nd and 3rd order sine  
coefficients of Pz 
Especially in most central events 

Can models describe the data with  
correct sign? 

Pz from Isobar data comparable to  
Au+Au and Pb+Pb 
A hint of system size dependence  
rather than energy dependence

Summary

‣ First measurements of longitudinal polarization relative to 2nd and 3rd order event planes in isobar collisions 
‣ Longitudinal polarization driven by triangular flow is clearly observed with similar magnitude to the 2nd order, 

indicating a complex local vortical structure in heavy-ion collisions 
‣ Study on pT dependence is also ongoing


