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FIG. 5. Initial longitudinal velocity profile along the reaction
plane y = 0 for two different impact parameters for the collision
of two hard-sphere nuclei with 7-fm radius.

and the flow velocity vz0:

vz0 =
3 dP

dxdy√
4
(

dE
dxdy

)2
− 3

(
dP

dxdy

)2
+ 2 dE

dxdy

, (19)

which is shown in Fig. 5 for the case of hard-sphere nuclei with
7-fm radius. According to Eq. (18), the proper energy density
is an even function of x, as was expected with the assumption
(17), whereas vz0 is an odd function of x. Also, it can be seen
from Fig. 5 that vz0 has a singular derivative at the edge of the
overlap region, a consequence of the hard-sphere assumption;
such singularities disappear with smooth density profiles. By
using Eqs. (19), (18), (5), and (17) we can compute the ratio
of the second to the first term in Eq. (16) for the x axis:

−
2ρ0γ

4
0 vz0

∂vz0
∂x

∣∣∣
t=0

∂ργ 2

∂x

∣∣∣
t=0

(20)

and thereby evaluate the importance of the vorticity term
for the expansion rate. This ratio is shown in Fig. 6 for the
case of hard-sphere nuclei for two different y values at an
impact parameter b = 6 fm. It is seen that the second term is
a consistent fraction of the first term even near the collision
center x = 0 (about 20%) whereas it steeply increases at larger
x values; at the boundary of the x interval the ratio shows spikes
owing to the hard-sphere assumption and it is not shown. Of
course, these numbers refer to an oversimplified example and
just for the initial expansion kick, but the conclusion that the
longitudinal velocity gradient cannot be neglected in more
realistic hydrodynamical calculations should hold.

As has been mentioned, in some hydrodynamical calcula-
tions [3,11], a nonvanishing angular momentum of the plasma
is tacitly introduced by enforcing an asymmetric x dependence
for the proper energy density in peripheral collisions keeping
the Bjorken longitudinal scaling (i.e., the independence of vz
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FIG. 6. Ratio of the term proportional to the vorticity and the
term proportional to energy density gradient along x in Eq. (16) as
a function of x for y = 0 and y = 2 fm for the collision of two
hard-sphere nuclei with 7-fm radius at an impact parameter b =
6 fm.

on the coordinates x, y). Thereby, longitudinal momentum
density [Eq. (5)] conservation is fulfilled even though vz is
independent of x and the angular momentum conservation
[Eq. (4)] is also fulfilled. We think that this assumption is
quite unnatural. First, it cannot hold in our specific example
of instantaneous thermalization at infinitely large energy (with
the infinitesimally thin fluid in Fig. 4) because the only velocity
that is compatible with symmetry and independent of x is 0,
thus making both momentum and angular momentum density
vanishing. However, even in the more realistic and more
general case of finite thermalization time, it does not lead to the
same flow velocity field as in the case of angular momentum
conserved through Bjorken scaling breaking because of the
absence of the vorticity term. This can be shown by enforcing
the equality of angular momentum densities in the two
approaches:

4
3 ρ̃0γ̃

2
0 ṽz0 = 4

3ρ0γ
2
0 vz0, (21)

where quantities with a tilde on the left-hand side are such
that only ρ̃ depends on x whereas on the right-hand side we
have the standard ones in our approach. From this equation it
follows that

∂ρ̃

∂x

∣∣∣∣
t=0

γ̃ 2
0 ṽz0 = ∂ρ

∂x

∣∣∣∣
t=0

γ 2
0 vz0 + ρ0

∂γ 2
0 vz0

∂x

∣∣∣∣
t=0

. (22)

Using Eqs. (22) and (21) to obtain ∂ρ/∂x in the equation
of motion at time t = 0 [Eq. (13)], we get, after some
manipulations,

∂ux

∂t

∣∣∣∣
t=0

= − 1
4γ0ρ0

∂ρ

∂x

∣∣∣∣
t=0

= − 1
4ρ̃0γ̃0

∂ρ̃

∂x

∣∣∣∣
t=0

γ̃0

γ0

+ 1
4γ 3

0 vz0

∂γ 2vz0

∂x
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t=0

. (23)
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FIG. 5. Initial longitudinal velocity profile along the reaction
plane y = 0 for two different impact parameters for the collision
of two hard-sphere nuclei with 7-fm radius.
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7-fm radius. According to Eq. (18), the proper energy density
is an even function of x, as was expected with the assumption
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and thereby evaluate the importance of the vorticity term
for the expansion rate. This ratio is shown in Fig. 6 for the
case of hard-sphere nuclei for two different y values at an
impact parameter b = 6 fm. It is seen that the second term is
a consistent fraction of the first term even near the collision
center x = 0 (about 20%) whereas it steeply increases at larger
x values; at the boundary of the x interval the ratio shows spikes
owing to the hard-sphere assumption and it is not shown. Of
course, these numbers refer to an oversimplified example and
just for the initial expansion kick, but the conclusion that the
longitudinal velocity gradient cannot be neglected in more
realistic hydrodynamical calculations should hold.

As has been mentioned, in some hydrodynamical calcula-
tions [3,11], a nonvanishing angular momentum of the plasma
is tacitly introduced by enforcing an asymmetric x dependence
for the proper energy density in peripheral collisions keeping
the Bjorken longitudinal scaling (i.e., the independence of vz

x

R
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io
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b=6 fm
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FIG. 6. Ratio of the term proportional to the vorticity and the
term proportional to energy density gradient along x in Eq. (16) as
a function of x for y = 0 and y = 2 fm for the collision of two
hard-sphere nuclei with 7-fm radius at an impact parameter b =
6 fm.

on the coordinates x, y). Thereby, longitudinal momentum
density [Eq. (5)] conservation is fulfilled even though vz is
independent of x and the angular momentum conservation
[Eq. (4)] is also fulfilled. We think that this assumption is
quite unnatural. First, it cannot hold in our specific example
of instantaneous thermalization at infinitely large energy (with
the infinitesimally thin fluid in Fig. 4) because the only velocity
that is compatible with symmetry and independent of x is 0,
thus making both momentum and angular momentum density
vanishing. However, even in the more realistic and more
general case of finite thermalization time, it does not lead to the
same flow velocity field as in the case of angular momentum
conserved through Bjorken scaling breaking because of the
absence of the vorticity term. This can be shown by enforcing
the equality of angular momentum densities in the two
approaches:

4
3 ρ̃0γ̃

2
0 ṽz0 = 4

3ρ0γ
2
0 vz0, (21)

where quantities with a tilde on the left-hand side are such
that only ρ̃ depends on x whereas on the right-hand side we
have the standard ones in our approach. From this equation it
follows that

∂ρ̃

∂x

∣∣∣∣
t=0

γ̃ 2
0 ṽz0 = ∂ρ

∂x

∣∣∣∣
t=0

γ 2
0 vz0 + ρ0

∂γ 2
0 vz0

∂x

∣∣∣∣
t=0

. (22)

Using Eqs. (22) and (21) to obtain ∂ρ/∂x in the equation
of motion at time t = 0 [Eq. (13)], we get, after some
manipulations,

∂ux

∂t

∣∣∣∣
t=0

= − 1
4γ0ρ0

∂ρ

∂x

∣∣∣∣
t=0

= − 1
4ρ̃0γ̃0

∂ρ̃

∂x

∣∣∣∣
t=0

γ̃0

γ0

+ 1
4γ 3

0 vz0

∂γ 2vz0

∂x

∣∣∣∣
t=0

. (23)
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Global polarization

3

Isaac Upsal – Feb. 2017 3

L

L

Vorticity → Global Polarization

• Vortical or QCD spin-orbit: Lambda and Anti-Lambda spins 
aligned with L

★ Non-zero angular momentum transfers to the spin degrees of freedom
- Z.-T. Liang and X.-N. Wang, PRL94, 102301 (2005) 
- S. Voloshin, nucl-th/0410089 (2004)

Reaction Plane

~L k ~B

＊direction of B is the same as L

particle
antiparticle

Polarization due to spin-orbit coupling 
Particle’ and anti-particle’s spins are 
aligned with angular momentum L  

Spin alignment by B-field 
Particle and antiparticle’s spins are aligned 
oppositely along B due to the opposite 
sign of magnetic moment 
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How to measure?

4

Parity-violating decay of hyperons
In case of Λ’s decay, daughter proton is preferentially  
emitted in the direction of Λ’s spin (opposite for anti-Λ)

Isaac Upsal – Feb. 2017 6

How to quantify the e%ect (I)

● Lambdas are “self-
analyzing”
● Reveal polarization by 

preferentially emitting 
daughter proton in spin 
direction

Λ s with Polarization P⃗  follow the distribution:
dN

d Ω*
=

 1

4 π
(1+α P⃗⋅p̂ p

* )= 1

4π
(1+α P cosθ* )

α=0.642±0.013    [measured]

p̂p

*
 is the daughter proton momentum direction in

the Λ  frame (note that this is opposite for Λ )

0<|P⃗|<1:   P⃗=
3
α p̂p

*

 spectators

 BBCs BBCs

 Spinning
 Lambdas

θ*
S⃗Λ

*

p⃗ p

*

p⃗π
* (BR: 63.9%, cτ~7.9 cm)

φp*: φ of daughter proton in Λ rest frame

★Direction of the angular momentum is determined by 
   the angle of spectator plane (spectators deflect outwards)  
   - S. Voloshin and TN, PRC94.021901(R)(2016) 
★ Flow analysis technique can be used for signal extraction 
   - STAR, PRC76, 024915 (2007)

Projection onto the transverse plane

PH =
8

⇡↵H

hsin( 1 � �⇤
p)i

Res( 1)

STAR, PRC76, 024915 (2007)

dN

d⌦⇤ =
1

4⇡
(1 + ↵HPH · p⇤

p)

PH: Λ polarization 
pp*: proton momentum in Λ rest frame 
αH: Λ decay parameter  
      (αΛ = -αΛ = 0.642±0.013)-

⇤ ! p+ ⇡�



BBCTOF

Event plane determination 
- ZDCSMD (η>6.3), BBC (3.3<|η|<5)  
Tracking of charged particles  
- TPC (|η|<1 and full azimuth) 
Particle identification 
- TPC and TOF

TPC

ZDCSMD

STAR

Figure 2: Charged particles from a single Au+Au collision ionize the gas in the TPC, form-

ing tracks that curve in the magnetic field of the detector. The tracks are reconstructed in three

dimensions, making them relatively easy to distinguish, but are projected onto a single plane in

this figure. As the tracks exit at the outer radius, they leave a signal in the Time-of-Flight (TOF)

detector. The species of charged particles is determined by the amount of ionization in the TPC

and the flight time as measured by TOF. Charged daughters from the weak decay L ! p+p� are

extrapolated backwards, and the parent is identified through topological selection. A clear peak at

the L mass, obtained by summing over many events, is observed in the invariant-mass distribution,

shown in the inset.

the overall angular momentum, Ĵsys, as shown schematically in figure 3.

Recently, Takahashi et al.

8 reported the first observation of a coupling between the vorticity

4

Λ reconstruction 
★Calculate the invariant mass of (π, p) 
★Cuts on decay topology helps to reduce the 
combinatorial background, B/(S+B)<30% 

The number of Λ hyperons per event 
★ ~1.0 for 10-20% centrality at 200 GeV  
(raw counts, depends on centrality, efficiency, 
and track selection criteria)

5

Solenoidal Tracker At RHIC (STAR)
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First observation of fluid vortices in HIC

6

 (GeV)NNs
10 210

0

2

4

6

8
Au+Au 20-50%

 this studyΛ

 this studyΛ

 PRC76 024915 (2007)Λ

 PRC76 024915 (2007)Λ

Figure 4: The average polarization PH (where H=L or L) from 20-50% central Au+Au collisions

is plotted as a function of collision energy. The results of the present study (
p

sNN < 40 GeV)

are shown together with those reported earlier6 for 62.4 and 200 GeV collisions, for which only

statistical errors are plotted. Boxes indicate systematic uncertainties.

(⇠ 3.5%).

The fluid vorticity may be estimated from the data using the hydrodynamic relation22

w = k

B

T

�
P L0 +P L0

�
/~, (3)

where T is the temperature of the fluid at the moment when particles are emitted from it. The

subscripts (L0 and L0) in equation 3 indicate that these polarizations are for “primary” hyperons

emitted directly from the fluid. However, most of the L and L hyperons at these collision ener-

9

STAR, Nature 548, 62 (2017)

Positive signal at lower energies. 
The most vortical fluid ever observed!

(T=160 MeV)

! = (P⇤ + P⇤̄)kBT/~
⇠ 1022 s�1
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First observation of fluid vortices in HIC
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Figure 4: The average polarization PH (where H=L or L) from 20-50% central Au+Au collisions

is plotted as a function of collision energy. The results of the present study (
p

sNN < 40 GeV)

are shown together with those reported earlier6 for 62.4 and 200 GeV collisions, for which only

statistical errors are plotted. Boxes indicate systematic uncertainties.

(⇠ 3.5%).

The fluid vorticity may be estimated from the data using the hydrodynamic relation22

w = k

B

T

�
P L0 +P L0

�
/~, (3)

where T is the temperature of the fluid at the moment when particles are emitted from it. The

subscripts (L0 and L0) in equation 3 indicate that these polarizations are for “primary” hyperons

emitted directly from the fluid. However, most of the L and L hyperons at these collision ener-

9

STAR, Nature 548, 62 (2017)

Positive signal at lower energies. 
The most vortical fluid ever observed!

(T=160 MeV)

! = (P⇤ + P⇤̄)kBT/~
⇠ 1022 s�1

Null result @200 GeV
10M events (2004 data)

Let’s revisit 200 GeV with ~150 times more events!
using recent data (2010, 2011, and 2014)
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7

where the double angle brackets indicate an average over370

particles first, and then an average over events. It was371

found that the correction terms are very small and there372

was no significant difference in the results beyond the373

current uncertainty due to the correction. Therefore we374

did not apply this correction to the final results.375

The effect of the tracking efficiency was studied and376

found to be negligible. Also, the acceptance correction377

proposed in our previous analysis [7] was applied. The378

measured polarization can be written as:379

8

παH
⟨sinΨRP⟩ = A0(p

H
T , ηH)PH(pHT , ηH), (5)380

where A0 is an acceptance correction factor defined as381

A0(p
H
T , ηH) =

4

π
⟨sin θ∗⟩. (6)382

The correction factor A0 was estimated using the exper-383

imental data.384

The analysis was also performed separately for each385

data set taken in different years. It was found that the386

results from the years 2010, 2011, and 2014 were consis-387

tent within their uncertainties. Therefore we combined388

all results to improve the statistical significance.389

IV. RESULTS390

Figure 4 presents the global polarization of Λ and391

Λ̄ as a function of the collision energy for the 20–392

50% centrality bin in Au+Au collisions. The results393

from this analysis are shown together with the re-394

sults from lower collision energies
√
sNN = 7.7–62.4395

GeV [8]. The 2007 result for
√
sNN = 200 GeV has396

a large uncertainty and is consistent with zero. Our397

new results for
√
sNN = 200 GeV with significantly im-398

proved statistics reveals non-zero values of the polar-399

ization signal, 0.277 ± 0.040 (stat) ± 0.039
0.049 (sys) and400

0.240 ± 0.045 (stat) ± 0.061
0.045 (sys) for Λ and Λ̄ respec-401

tively, and are found to follow the overall trend of the402

collision energy dependence. Calculations for primary Λ403

and all Λ taking into account the effect of feed-down,404

from a 3+1D viscous hydrodynamic model vHLLE with405

the UrQMD initial state [9] are shown for comparison.406

The model calculations agree with the data over a wide407

range of collision energy, including
√
sNN = 200 GeV408

within the current accuracy of our experimental mea-409

surements. Calculations from a Multi-Phase Transport410

(AMPT) model predict slightly higher polarization than411

the hydrodynamic model, but are also in good agree-412

ment with the data within uncertainties. Neither of the413

models accounts for the effect of the magnetic field or414

predicts significant difference in Λ and Λ̄ polarization415

due to any other effect, e.g., non-zero baryon chemical416

potential makes the polarization of particles lower than417

that of antiparticles, but the effect is expected to be418

small [27]. It should be noted that other theoretical cal-419

culations [28, 29] such as a chiral kinetic approach with420

the quark coalescence model [30] can also qualitatively421

reproduce the experimental data.422

 [GeV] NNs
10 210

 [%
] 

HP

0

1

2

3

STAR Au+Au 20%-50%

Nature548.62 (2017)

 Λ  Λ

PRC76.024915 (2007)

 Λ  Λ

this analysis 

 Λ  Λ

ΛUrQMD+vHLLE, 
primary primary+feed-down

ΛAMPT, 
primary primary+feed-down

FIG. 4. Global polarization of Λ and Λ̄ as a function of the col-
lision energy

√
sNN for 20-50% centrality Au+Au collisions.

Solid and dashed bold lines show calculations from a 3+1D
cascade + viscous hydrodynamic model, UrQMD+vHLLE [9]
and solid and dashed thin lines show calculations from the
AMPT model [10] for primary Λ with and without the feed-
down effect. Open boxes show systematic uncertainties.

We also performed differential measurements of the po-423

larization, such as versus the collision centrality, the hy-424

peron’s transverse momentum, and the hyperon’s pseu-425

dorapidity. The vorticity of the system is expected to426

be smaller in more central collisions because of smaller427

initial source tilt in more central collisions [24, 31], or be-428

cause the number of spectator nucleons becomes smaller.429

Therefore, the initial longitudinal flow velocity, which430

would be a source of the initial angular momentum of431

the system, becomes less dependent on the transverse di-432

rection [5]. Figure 5 presents the centrality dependence433

of the polarization. The polarization of Λ and Λ̄ is found434

to be larger in more peripheral collisions, as expected435

from an increase in the thermal vorticity [32]. With the436

given large uncertainties, it is not clear if the polarization437

saturates or even starts to drop off in the most peripheral438

collisions.439

Figure 6 shows the polarization as a function of pT440

for the 20%–60% centrality bin. The polarization de-441

pendence on pT is weak or absent, considering the large442

uncertainties, which is consistent with the expectation443

Revisiting 200 GeV

Finite signal at √sNN = 200 GeV !! 

~15% dilution of the signal due to feed-down for all √s 
(model-dependent estimation) 

Following the trend of BES data and close to UrQMD-IC
+viscous-hydro and AMPT predictions in all energies 

No significant difference between Λ and anti-Λ at 200 GeV

PH(⇤) [%] = 0.277± 0.040(stat)±0.039
0.049 (sys)

PH(⇤̄) [%] = 0.240± 0.045(stat)±0.061
0.045 (sys)

UrQMD+vHLLE: I. Karpenko and F. Becattini, EPJC(2017)77:213 
AMPT: H. Li et al., Phys. Rev. C 96, 054908 (2017)

7

F. Becattini, I. Karpenko, M. Lisa, I. Upsal, and S. Voloshin,  
PRC95, 054902 (2017)

5-7σ significance, comparable to 7.7-39 GeV combined result

STAR, arXiv:1805.04400
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Λ
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T

|<1, 0.5<pη|

Centrality dependence of PH

8

Polarization increases in more peripheral collisions 
qualitatively consistent with AMPT calculations 

Not clear if there is a saturation or decrease  
in most peripheral collisions

ROTATING QUARK-GLUON PLASMA IN RELATIVISTIC . . . PHYSICAL REVIEW C 94, 044910 (2016)

FIG. 11. Averaged vorticity ⟨ωy⟩ from the AMPT model as a
function of time at various impact parameter b for fixed beam energy√

sNN = 200 GeV. The solid curves are from a fitting formula (see
text for details).

averaged vorticity increases with decreasing beam energy, in
quite the opposite trend to the angular momentum. This may
be understood as follows: With increasing beam energy, the
fluid moment of inertia (pertinent to rotation) increases more
rapidly than the decrease of vorticity; thus, the total angular
momentum is still increasing. We have numerically checked
that this is indeed the case.

Finally, we present a parametrization of averaged vorticity
as a function of time, centrality, and beam energy, which
provides comprehensive and very good fit to the numerical
results of Au + Au collisions from AMPT. This is given by

⟨ωy⟩(t,b,
√

sNN ) = A(b,
√

sNN )

+B(b,
√

sNN )(0.58t)0.35e−0.58t , (8)

FIG. 12. Averaged vorticity ⟨ωy⟩ from the AMPT model as a
function of time at varied beam energy

√
sNN for fixed impact

parameter b = 7 fm. The solid curves are from a fitting formula
(see text for details).

FIG. 13. Averaged vorticity ⟨ωy⟩, with spatial rapidity span η ∈
(−1,1) and η ∈ (−4,4), respectively, from the AMPT model as a
function of time at

√
sNN = 200 GeV for fixed impact parameters

b = 7,9 fm.

with the two coefficients A and B given by

A = [e−0.016 b
√

sNN + 1] × tanh(0.28 b)

×[0.001 775 tanh(3 − 0.015
√

sNN ) + 0.0128],

B = [e−0.016 b
√

sNN + 1] × [0.023 88 b + 0.012 03]

×[1.751 − tanh(0.01
√

sNN )].

In the above relations,
√

sNN should be evaluated in the unit
of GeV, b in the unit of fm, t in the unit of fm/c, and ωy

in the unit of fm−1. The solid curves in Figs. 11 and 12 are
obtained from the above formula, in comparison with actual
AMPT results. As can be seen, the agreement is excellent and
we have checked that in all cases the relative error of the above
formula is, at most, a few percent. Such parametrization could
be conveniently used for future studies of various vorticity-
driven effects in QGP.

C. Study of uncertainties

In this last part, we investigate a number of uncertainties in
quantifying the averaged vorticity.

One uncertainty is related to the choice of volume in per-
forming the average. In the previous section we have chosen to
average over the spatial rapidity span of η ∈ (−4,4). However,
when it comes to certain specific vorticity-driven effects and
the pertinent final hadron observables, it is not 100% clear what
is precisely the relevant longitudinal volume. To get an idea
of this uncertainty, we have computed the ⟨ωy⟩ for different
choices of spatial rapidity span; see Fig. 13 for results from
η ∈ (−1,1) in comparison with those from η ∈ (−4,4), and see
Fig. 14 for results from η ∈ (−2,2) in comparison with those
from η ∈ (−4,4). As one can see from the comparison, at early
to not-so-late time, the results differ by about a factor of two
between η ∈ (−1,1) and η ∈ (−4,4), but differ by about 30%
percent or so between η ∈ (−2,2) and η ∈ (−4,4). At late time
the results with η ∈ (−4,4) are significantly larger than the
others. Clearly, the contributions to the averaged vorticity from

044910-7

peripheral

central

AMPT model, 
Y. Jiang et al., PRC94, 044910 (2016)STAR, arXiv:1805.04400
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|<1η20%-60%, |

Λhydro, primary 
UrQMD IC
Glauber+tilt IC

Λ

Λ

pT dependence of PH

9

No significant pT dependence, as expected from 
the initial angular momentum of the system 
Hydrodynamic model underestimates the data. 
Initial conditions affect the magnitude and 
dependence on pT

3D viscous hydro-model with two initial conditions (ICs) 
(F. Becattini and I. Karpenko, PRL120.012302, 2018) 
- UrQMD IC 
- Glauber with source tilt IC

STAR, arXiv:1805.04400
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8 Iu. Karpenko, F. Becattini: Study of ⇤ polarization in relativistic nuclear collisions at
p
sNN = 7.7–200 GeV

Fig. 8. Initial energy density profiles for hydrodynamic stage with arrows depicting initial four-temperature field superimposed
(left column) and $

xz

over space-time rapidity |y| < 0.3 slice of particlization surface, projected onto time axis (right column).
The hydrodynamic evolutions start from averaged initial state corresponding to 20-50% central Au-Au collisions at

p
sNN = 7.7

(top row) and 62.4 GeV (bottom row).

can be shown that a simple linear rule applies [26] that is:

S

⇤
D

= CS

⇤
X

(14)

where D is the daughter particle, X the parent and C

a coe�cient whose expression may or may not depend
on the dynamical decay amplitudes. If the coe�cient C

does not depend on the dynamical decay amplitudes, it
takes on rational values depending on Clebsch-Gordan co-
e�cients, the initial values of spin and parity [26]. The
values which are relevant for our calculation in various
strong/electromagnetic decays with a ⇤ or a ⌃ hyperon
in the final state are reported in table 2; for the full deriva-
tion of the C coe�cients see ref. [26].

A large fraction of secondary ⇤’s comes from the strong
⌃(1385) ! ⇤⇡ and the electromagnetic ⌃

0 ! ⇤� decays
2. We found that - in our code - the fractions of primary ⇤,
⇤’s from ⌃

⇤ decays and ⇤’s from decays of primary ⌃

0’s
are respectively 28%, 32% and 17%, with a negligible de-
pendence on the collision energy. This is very close to the

2 We denote ⌃(1385) below as ⌃⇤ for brevity.

fractions extracted from a recent analysis [28] within the
statistical hadronization model: 25%, 36% and 17%. The
remaining 23% of ⇤’s consists of multiple smaller contri-
butions from decays of heavier resonances, the largest of
which are ⇤(1405), ⇤(1520), ⇤(1600),⌃(1660) and⌃(1670).
Some of these resonances produce ⇤’s in cascade decays,
for example ⇤(1405) ! ⌃

0
⇡,⌃

0 ! ⇤�.
We start with the contribution from ⌃

⇤, which is a
J

⇡ = 3
/2

+ state. In this case the factor C in eq. (14) is
1/3 (see table 2) and, by using eq. (13) with S = 3/2, we
obtain that the mean spin vector of primary ⌃

⇤ is 5 times
the one of primary ⇤. Thus, the mean spin vector of ⇤
from ⌃

⇤ decay is:

S

⇤ =
1

3
S

⇤
⌃

⇤ =
5

3
S

⇤
⇤,prim

Similarly, for the ⌃

0, which is a 1
/2

+ state, the coe�cient
C is �1/3 (see table 2) and:

S

⇤ = �1

3
S

⇤
⌃

0 = �1

3
S

⇤
⇤,prim

η dependence of PH

10

No significant η dependence 
Smaller shear flow structure at mid-rapidity due to baryon 
transparency at higher energy 
Maybe due to event-by-event C.M. fluctuations 

May be measured at lower energies in BES-Ⅱ with STAR 
upgrade or with larger acceptance in ATLAS and CMS?

Au+Au 62.4 GeV

I. Karpenko and F. Becattini,  
EPJC(2017)77:213

W.-T. Deng and X.-G. Huang,  
arXiv:1609.01801

Figure 1. The space-averaged vorticity at τ = τ0 and η = 0 averaged over 105 events for RHIC Au +
Au collisions at

√
s = 200 GeV (Left) and LHC Pb + Pb collisions at

√
s = 2.76 TeV (Right).

Figure 2. The collision energy dependence of the vorticity at η = 0 (Left) and the spacetime rapidity
dependence (Right) at various collision energies. Proper time is fixed τ = 0.4 fm and impact parameter
is b = 10 fm.

In Fig. 2 (Left) we show ⟨ω̄y⟩ at mid-rapidity as a function of collision energy
√
s. Clearly, the

magnitude of ⟨ω̄y⟩ decreases when
√
s increases. This, at first sight, may seem counter-intuitive as the

angular momentum increases with
√
s. However, with increasing

√
s, the moment of inertia grows more

rapidly than the increasing of the total angular momentum of QGP, and can make the vorticity decrease.
More importantly, with increasing collision energy, more angular momentum is carried by particles at
finite rapidity and thus the vorticity at η = 0 is relatively weakened (see Fig. 2 (Right)). This reflects the
fact that at higher collision energy, the system at the mid-rapidity region behaves closer to the Bjorken
boost invariant picture and thus allows smaller vorticity.
The spatial distribution of the vorticity (we present only ⟨ω2y⟩ of v2 as an example) in the transverse

plane is shown in Fig. 3 (Left). Notice that ⟨ω2y⟩ varies more steeply along the x direction than along
the y direction in consistence with the elliptic shape of the overlapping region. The spatial distribution
of the T 2-weighted flow helicity in the transverse plane is shown in Fig. 3 (Right). Clearly, the reaction
plane separates the region with positive helicity from the region with negative helicity. The flow helicity
separation may have interesting experimental implication, for example, it may be related to the chiral
charges separation via the CVE [17, 18].

STAR, arXiv:1805.04400
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Correction on EP resolution (for x-axis) is applied.

More polarized in in-plane than in out-of-plane 

Opposite trend to the hydrodynamic model

See Biao Tu’s poster #452 for more detail

out-of-plane

F. Becattini et al.,  
PRC93, 069901(E)(2016) 
PRC88, 034905 (2013)

�� 1 [rad]

<PH>

Iu. Karpenko, F. Becattini: Study of ⇤ polarization in relativistic nuclear collisions at
p
sNN = 7.7–200 GeV 5

Fig. 2. Components of mean polarization vector of primary ⇤ baryons produced at zero momentum space rapidity, calculated
in the model for 40-50% central Au-Au collisions at

p
sNN = 19.6 GeV. The polarization is calculated in the rest frame of ⇤.

Fig. 3. Components of thermal vorticity $

tz

(left) and $

xz

(right) on the zero space-time rapidity slice of particlization
hypersurface, projected on the xy plane.

in-plane

I. Karpenko and F. Becattini,  
EPJC(2017)77:213

Au+Au 19.6 GeV

out-of-plane

in-plane

A. H. Tang, B. Tu, and C. S. Zhou, arXiv:1803.05777
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Λ polarization vs charge asymmetry?

12

Λ polarization may have a contribution from the axial current J5 induced  
by B-field (Chiral Separation Effect), S. Shlichting and S. Voloshin, in preparation 

Use charge asymmetry Ach instead of μv

6 D.E. Kharzeev et al. / Progress in Particle and Nuclear Physics 88 (2016) 1–28

Fig. 2. (Color online) Illustration of the chiral separation effect. To be specific, the illustration is for just one kind of right-handed (RH) quarks (with Q > 0)
and their antiquarks (with Q < 0) and for the case of µ > 0 (i.e. more quarks than antiquarks). For left-handed (LH) quarks (and anti-quarks) the LH
quarks’ current is generated in the opposite direction but their contribution to the axial current EJ5 would be the same as that of RH quarks. For µ < 0 the
current will flip direction.

assume a CME-induced electric current (Qe)EJ = (Qe)�5EB. To probe the existence of such a current we turn on an arbitrarily
small auxiliary electric field E

E k E
B and examine the energy changing rate of the system. The straightforward electrodynamic

way of computation ‘‘counts’’ the work per unit time (i.e. power) done by such an electric field P = R
E
x

E
J · EE = R

E
x

[(Qe)�5]EE · EB.
Alternatively for this systemof chiral fermions, the (electromagnetic) chiral anomaly suggests the generation of axial charges
at the rate dQ5/dt = R

E
x

CAEE · E
B with CA = (Qe)2/(2⇡2) the universal anomaly coefficient. Now a nonzero axial chemical

potential µ5 6= 0 implies an energy cost for creating each unit of axial charge, thus the energy changing rate via anomaly
counting would give the power P = µ5(dQ5/dt) = R

E
x

[CAµ5]EE · E
B. These reasonings therefore lead to the following

identification:
Z

E
x

[(Qe)�5]EE · E
B =

Z

E
x

[CAµ5]EE · E
B (8)

for any auxiliary E
E field. Thus the �5 must take the universal value CAµ5

Qe = Qe
2⇡2 µ5 that is completely fixed by the chiral

anomaly.
The transport phenomenon in Eq. (4) bears a distinctive feature that is intrinsically different from Eq. (7). The chiral

magnetic conductivity �5 is a T -even transport coefficient while the usual conductivity � is T -odd [26]. That is, the CME
current can be generated as an equilibrium current without producing entropy, while the usual conducting current is
necessarily dissipative.

2.2. The chiral separation effect

By reminding ourselves of the axial counterpart in Eq. (5) of the vector current, which we have discussed so far, it may be
natural to ask: could axial current also be generated under certain circumstances in response to external probe fields? The
answer is positive. A complementary transport phenomenon to the CME has been found and named the Chiral Separation
Effect (CSE) [61,62]:

E
J5 = �sEB. (9)

It states that an axial current is generated along an external E
B field, with its magnitude in proportion to the system’s

(nonzero) vector chemical potential µ as well as the field magnitude. The coefficient (which may be called the CSE
conductivity) is given by �s = Qe

2⇡2 µ.
Intuitively the CSE may be understood in the following way, as illustrated in Fig. 2. The magnetic field leads to a spin

polarization (i.e. ‘‘magnetization’’) effect, with hEsi / (Qe)EB. This effect implies that the positively charged quarks have their
spins preferably aligned along the E

B field direction, while the negatively charged anti-quarks have their spins oppositely
aligned. NowRHquarks and antiquarks (with Ep k Es)will have opposite averagemomentum hEpi / hEsi / (Qe)EB, i.e. withmore
RH quarks/antiquarks moving in the direction parallel/antiparallel to E

B. Furthermore with nonzero µ 6= 0 (e.g. considering
µ > 0) there would then be a net current of RH quarks/antiquarksEJR / hEpi(nQ � nQ̄ ) / (Qe)µE

B. The LH quarks/antiquarks
would form an opposite current EJL / �(Qe)µE

B but contribute the same as the RH quarks/antiquarks to form together an
axial current along the magnetic field: EJ5 / (Qe)µE

B.
It is instructive to recast (4) and (9) in terms of the RH and LH currents EJR/L, as follows:

E
JR/L = E

J ± E
J5

2
= ±�R/LEB (10)

with �R/L = Qe
4⇡2 µR/L. The above has the simple interoperation as the CME separately for the purely right-handed and purely

left-handedWeyl fermions: note the sign difference in the RH/LH cases. It reveals that the CME and the CSE are two sides of

J5 / µvB

RH

LH

p spinB)field J5

μv>0

µv/T / hN+ �N�i
hN+ +N�i

= Ach

Ach

PH
Λ?

<PH>

what’s the expectation? 
true for u-quark but also for Λ?
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Possibly a contribution from the axial current?
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Figure 14: (color online) Magnitude (panel a) and components (panels b,c,d) of the polarization vector of the ⇤ hyperon in its
rest frame.

stringent test of numerical implementations of Israel-Stewart
theory in Bjorken coordinates.

We have found that the magnitude of the 1/⌧ x � ⌘ com-
ponent of the thermal vorticity at freezeout can be as large as
5⇥10�2 and yet its mean value is not large enough to produce
a polarization of ⇤ hyperons much larger than 1%, which is a
consistently lower estimate in comparison with other recent
calculations based on di↵erent initial conditions. We have
found that the magnitude of directed flow, at this energy, has
an interestingly sizeable dependence on both the shear viscos-
ity and the longitudinal energy density profile asymmetry pa-
rameter ⌘m which in turn governs the amount of initial angular
momentum retained by the plasma.

The fact that in 3+1D the plasma needs to have an initial an-
gular momentum in order to reproduce the observed directed
flow raises the question whether the Bjorken initial condition
u⌘ = 0 is a compelling one or, instead, the same angular mo-
mentum can be obtained with a non trivial u⌘ and with a suit-
able change of the energy density profile. For a testing pur-

pose, we have run ECHO-QGP with an initial profile:

u⌘ =
1
⌧

tanh Ax sinh(ybeam � |⌘|) (36)

which meets the causality constraint (see Appendix B). It is
found that the directed flow is very sensitive to an initial u⌘.
For a small positive value of the parameter A = 5⇥ 10�4 fm�1

corresponding to a Jy = 3.32 ⇥ 103, keeping all other parame-
ters fixed, the directed flow exhibits two slight wiggles around
midrapidity (see fig. 15) which are not seen in the data. For
a very small negative value of the parameter A = �5 ⇥ 10�4

fm�1, corresponding to Jy = 3.08 ⇥ 103, the directed flow in-
creases while approximately keeping the same shape as for
A = 0 around midrapidity. However, more detailed studies
are needed to determine whether a non-vanishing initial flow
velocity is compatible with the experimental observables.

We plan to extend this kind of calculation to di↵erent cen-
tralities, di↵erent energies and with initial state fluctuations in
order to determine the possibly best conditions for vorticity
formation in relativistic nuclear collisions.

A study of vorticity formation in high energy nuclear collisions

F. Becattini,1, 2 G. Inghirami,3, 1 V. Rolando,4, 5 A. Beraudo,6

L. Del Zanna,1, 2, 7 A. De Pace,6 M. Nardi,6 G. Pagliara,4, 5 and V. Chandra8

1Dipartimento di Fisica e Astronomia, Università di Firenze, Via G. Sansone 1, I-50019 Sesto F.no (Firenze), Italy
2INFN - Sezione di Firenze, Via G. Sansone 1, I-50019 Sesto F.no (Firenze), Italy
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5INFN - Sezione di Ferrara, Via Saragat 1, I-44100 Ferrara, Italy
6INFN - Sezione di Torino, Via P. Giuria 1, I-10125 Torino, Italy
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(Dated: August 18, 2015)

We present a quantitative study of vorticity formation in peripheral ultrarelativistic heavy ion collisions atp
sNN = 200 GeV by using the ECHO-QGP numerical code, implementing relativistic dissipative hydrodynam-

ics in the causal Israel-Stewart framework in 3+1 dimensions with an initial Bjorken flow profile. We consider
and discuss di↵erent definitions of vorticity which are relevant in relativistic hydrodynamics. After demonstrat-
ing the excellent capabilities of our code, which proves to be able to reproduce Gubser flow up to 8 fm/c, we
show that, with the initial conditions needed to reproduce the measured directed flow in peripheral collisions
corresponding to an average impact parameter b = 11.6 fm and with the Bjorken flow profile for a viscous Quark
Gluon Plasma with ⌘/s = 0.1 fixed, a vorticity of the order of some 10�2 c/fm can develop at freezeout. The
ensuing polarization of ⇤ baryons does not exceed 1.4% at midrapidity. We show that the amount of developed
directed flow is sensitive to both the initial angular momentum of the plasma and its viscosity.

I. INTRODUCTION

The hydrodynamical model has by now become a paradigm
for the study of the QCD plasma formed in nuclear colli-
sions at ultrarelativistic energies. There has been a consider-
able advance in hydrodynamics modeling and calculations of
these collisions over the last decade. Numerical simulations
in 2+1D [1] and in 3+1 D [2–7] including viscous corrections
are becoming the new standard in this field and existing codes
are also able to handle initial state fluctuations.

An interesting issue is the possible formation of vorticity in
peripheral collisions [8–10]. Indeed, the presence of vortic-
ity may provide information about the (mean) initial state of
the hydrodynamical evolution which cannot be achieved oth-
erwise, and it is related to the onset of peculiar physics in the
plasma at high temperature, such as the chiral vortical e↵ect
[11]. Furthermore, it has been shown that vorticity gives rise
to polarization of particles in the final state, so that e.g. ⇤
baryon polarization - if measurable - can be used to detect
it [12, 13]. Finally, as we will show, numerical calculation
of vorticity can be used to make stringent tests of numerical
codes, as the T-vorticity (see sect. II for the definition) is ex-
pected to vanish throughout under special initial conditions in
the ideal case.

Lately, vorticity has been the subject of investigations in
refs. [9, 10] with peculiar initial conditions in cartesian coor-
dinates, ideal fluid approximation and isochronous freezeout.
Instead, in this work, we calculate di↵erent kinds of vortic-
ity with our 3+1D ECHO-QGP 1 code [3], including dissi-
pative relativistic hydrodynamics in the Israel-Stewart formu-
lation with Bjorken initial conditions for the flow (i.e. with

1 The code is publicly available at the web site http://theory.fi.infn.it/echoqgp

ux = uy = u⌘ = 0), henceforth denoted as BIC. It should be
pointed out from the very beginning that the purpose of this
work is to make a general assessment of vorticity at top RHIC
energy and not to provide a precision fit to all the available
data. Therefore, our calculations do not take into account ef-
fects such as viscous corrections to particle distribution at the
freezeout and initial state fluctuations, that is we use smooth
initial conditions obtained averaging over many events.

A. Notations

In this paper we use the natural units, with ~ = c = K = 1.
The Minkowskian metric tensor is diag(1,�1,�1,�1); for the
Levi-Civita symbol we use the convention ✏0123 = 1.
We will use the relativistic notation with repeated indices as-
sumed to be summed over, however contractions of indices
will be sometimes denoted with dots, e.g. u · T · u ⌘ uµT µ⌫u⌫.
The covariant derivative is denoted as dµ (hence d�gµ⌫ = 0),
the exterior derivative by d, whereas @µ is the ordinary deriva-
tive.

II. VORTICITIES IN RELATIVISTIC HYDRODYNAMICS

Unlike in classical hydrodynamics, where vorticity is the
curl of the velocity field v, several vorticities can be defined
in relativistic hydrodynamics which can be useful in di↵erent
applications (see also the review [14]).
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- Measurements wrt !2  - good RP resolution 
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Local polarization along beam direction
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Stronger flow in in-plane than in out-of-plane 
could make local polarization along beam axis!

F. Becattini and I. Karpenko, PRL120.012302 (2018)
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Figure 14: (color online) Magnitude (panel a) and components (panels b,c,d) of the polarization vector of the ⇤ hyperon in its
rest frame.

stringent test of numerical implementations of Israel-Stewart
theory in Bjorken coordinates.

We have found that the magnitude of the 1/⌧ x � ⌘ com-
ponent of the thermal vorticity at freezeout can be as large as
5⇥10�2 and yet its mean value is not large enough to produce
a polarization of ⇤ hyperons much larger than 1%, which is a
consistently lower estimate in comparison with other recent
calculations based on di↵erent initial conditions. We have
found that the magnitude of directed flow, at this energy, has
an interestingly sizeable dependence on both the shear viscos-
ity and the longitudinal energy density profile asymmetry pa-
rameter ⌘m which in turn governs the amount of initial angular
momentum retained by the plasma.

The fact that in 3+1D the plasma needs to have an initial an-
gular momentum in order to reproduce the observed directed
flow raises the question whether the Bjorken initial condition
u⌘ = 0 is a compelling one or, instead, the same angular mo-
mentum can be obtained with a non trivial u⌘ and with a suit-
able change of the energy density profile. For a testing pur-

pose, we have run ECHO-QGP with an initial profile:

u⌘ =
1
⌧

tanh Ax sinh(ybeam � |⌘|) (36)

which meets the causality constraint (see Appendix B). It is
found that the directed flow is very sensitive to an initial u⌘.
For a small positive value of the parameter A = 5⇥ 10�4 fm�1

corresponding to a Jy = 3.32 ⇥ 103, keeping all other parame-
ters fixed, the directed flow exhibits two slight wiggles around
midrapidity (see fig. 15) which are not seen in the data. For
a very small negative value of the parameter A = �5 ⇥ 10�4

fm�1, corresponding to Jy = 3.08 ⇥ 103, the directed flow in-
creases while approximately keeping the same shape as for
A = 0 around midrapidity. However, more detailed studies
are needed to determine whether a non-vanishing initial flow
velocity is compatible with the experimental observables.

We plan to extend this kind of calculation to di↵erent cen-
tralities, di↵erent energies and with initial state fluctuations in
order to determine the possibly best conditions for vorticity
formation in relativistic nuclear collisions.
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We present a quantitative study of vorticity formation in peripheral ultrarelativistic heavy ion collisions atp
sNN = 200 GeV by using the ECHO-QGP numerical code, implementing relativistic dissipative hydrodynam-

ics in the causal Israel-Stewart framework in 3+1 dimensions with an initial Bjorken flow profile. We consider
and discuss di↵erent definitions of vorticity which are relevant in relativistic hydrodynamics. After demonstrat-
ing the excellent capabilities of our code, which proves to be able to reproduce Gubser flow up to 8 fm/c, we
show that, with the initial conditions needed to reproduce the measured directed flow in peripheral collisions
corresponding to an average impact parameter b = 11.6 fm and with the Bjorken flow profile for a viscous Quark
Gluon Plasma with ⌘/s = 0.1 fixed, a vorticity of the order of some 10�2 c/fm can develop at freezeout. The
ensuing polarization of ⇤ baryons does not exceed 1.4% at midrapidity. We show that the amount of developed
directed flow is sensitive to both the initial angular momentum of the plasma and its viscosity.

I. INTRODUCTION

The hydrodynamical model has by now become a paradigm
for the study of the QCD plasma formed in nuclear colli-
sions at ultrarelativistic energies. There has been a consider-
able advance in hydrodynamics modeling and calculations of
these collisions over the last decade. Numerical simulations
in 2+1D [1] and in 3+1 D [2–7] including viscous corrections
are becoming the new standard in this field and existing codes
are also able to handle initial state fluctuations.

An interesting issue is the possible formation of vorticity in
peripheral collisions [8–10]. Indeed, the presence of vortic-
ity may provide information about the (mean) initial state of
the hydrodynamical evolution which cannot be achieved oth-
erwise, and it is related to the onset of peculiar physics in the
plasma at high temperature, such as the chiral vortical e↵ect
[11]. Furthermore, it has been shown that vorticity gives rise
to polarization of particles in the final state, so that e.g. ⇤
baryon polarization - if measurable - can be used to detect
it [12, 13]. Finally, as we will show, numerical calculation
of vorticity can be used to make stringent tests of numerical
codes, as the T-vorticity (see sect. II for the definition) is ex-
pected to vanish throughout under special initial conditions in
the ideal case.

Lately, vorticity has been the subject of investigations in
refs. [9, 10] with peculiar initial conditions in cartesian coor-
dinates, ideal fluid approximation and isochronous freezeout.
Instead, in this work, we calculate di↵erent kinds of vortic-
ity with our 3+1D ECHO-QGP 1 code [3], including dissi-
pative relativistic hydrodynamics in the Israel-Stewart formu-
lation with Bjorken initial conditions for the flow (i.e. with

1 The code is publicly available at the web site http://theory.fi.infn.it/echoqgp

ux = uy = u⌘ = 0), henceforth denoted as BIC. It should be
pointed out from the very beginning that the purpose of this
work is to make a general assessment of vorticity at top RHIC
energy and not to provide a precision fit to all the available
data. Therefore, our calculations do not take into account ef-
fects such as viscous corrections to particle distribution at the
freezeout and initial state fluctuations, that is we use smooth
initial conditions obtained averaging over many events.

A. Notations

In this paper we use the natural units, with ~ = c = K = 1.
The Minkowskian metric tensor is diag(1,�1,�1,�1); for the
Levi-Civita symbol we use the convention ✏0123 = 1.
We will use the relativistic notation with repeated indices as-
sumed to be summed over, however contractions of indices
will be sometimes denoted with dots, e.g. u · T · u ⌘ uµT µ⌫u⌫.
The covariant derivative is denoted as dµ (hence d�gµ⌫ = 0),
the exterior derivative by d, whereas @µ is the ordinary deriva-
tive.

II. VORTICITIES IN RELATIVISTIC HYDRODYNAMICS

Unlike in classical hydrodynamics, where vorticity is the
curl of the velocity field v, several vorticities can be defined
in relativistic hydrodynamics which can be useful in di↵erent
applications (see also the review [14]).
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- Should be strongly “correlated” with elliptic flow 
- Weak energy dependence (might even increase with energy) 
- Measurements wrt !2  - good RP resolution 
- Might provide detailed information on velocity fields
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Figure 14: (color online) Magnitude (panel a) and components (panels b,c,d) of the polarization vector of the ⇤ hyperon in its
rest frame.

stringent test of numerical implementations of Israel-Stewart
theory in Bjorken coordinates.

We have found that the magnitude of the 1/⌧ x � ⌘ com-
ponent of the thermal vorticity at freezeout can be as large as
5⇥10�2 and yet its mean value is not large enough to produce
a polarization of ⇤ hyperons much larger than 1%, which is a
consistently lower estimate in comparison with other recent
calculations based on di↵erent initial conditions. We have
found that the magnitude of directed flow, at this energy, has
an interestingly sizeable dependence on both the shear viscos-
ity and the longitudinal energy density profile asymmetry pa-
rameter ⌘m which in turn governs the amount of initial angular
momentum retained by the plasma.

The fact that in 3+1D the plasma needs to have an initial an-
gular momentum in order to reproduce the observed directed
flow raises the question whether the Bjorken initial condition
u⌘ = 0 is a compelling one or, instead, the same angular mo-
mentum can be obtained with a non trivial u⌘ and with a suit-
able change of the energy density profile. For a testing pur-

pose, we have run ECHO-QGP with an initial profile:

u⌘ =
1
⌧

tanh Ax sinh(ybeam � |⌘|) (36)

which meets the causality constraint (see Appendix B). It is
found that the directed flow is very sensitive to an initial u⌘.
For a small positive value of the parameter A = 5⇥ 10�4 fm�1

corresponding to a Jy = 3.32 ⇥ 103, keeping all other parame-
ters fixed, the directed flow exhibits two slight wiggles around
midrapidity (see fig. 15) which are not seen in the data. For
a very small negative value of the parameter A = �5 ⇥ 10�4

fm�1, corresponding to Jy = 3.08 ⇥ 103, the directed flow in-
creases while approximately keeping the same shape as for
A = 0 around midrapidity. However, more detailed studies
are needed to determine whether a non-vanishing initial flow
velocity is compatible with the experimental observables.

We plan to extend this kind of calculation to di↵erent cen-
tralities, di↵erent energies and with initial state fluctuations in
order to determine the possibly best conditions for vorticity
formation in relativistic nuclear collisions.
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We present a quantitative study of vorticity formation in peripheral ultrarelativistic heavy ion collisions atp
sNN = 200 GeV by using the ECHO-QGP numerical code, implementing relativistic dissipative hydrodynam-

ics in the causal Israel-Stewart framework in 3+1 dimensions with an initial Bjorken flow profile. We consider
and discuss di↵erent definitions of vorticity which are relevant in relativistic hydrodynamics. After demonstrat-
ing the excellent capabilities of our code, which proves to be able to reproduce Gubser flow up to 8 fm/c, we
show that, with the initial conditions needed to reproduce the measured directed flow in peripheral collisions
corresponding to an average impact parameter b = 11.6 fm and with the Bjorken flow profile for a viscous Quark
Gluon Plasma with ⌘/s = 0.1 fixed, a vorticity of the order of some 10�2 c/fm can develop at freezeout. The
ensuing polarization of ⇤ baryons does not exceed 1.4% at midrapidity. We show that the amount of developed
directed flow is sensitive to both the initial angular momentum of the plasma and its viscosity.

I. INTRODUCTION

The hydrodynamical model has by now become a paradigm
for the study of the QCD plasma formed in nuclear colli-
sions at ultrarelativistic energies. There has been a consider-
able advance in hydrodynamics modeling and calculations of
these collisions over the last decade. Numerical simulations
in 2+1D [1] and in 3+1 D [2–7] including viscous corrections
are becoming the new standard in this field and existing codes
are also able to handle initial state fluctuations.

An interesting issue is the possible formation of vorticity in
peripheral collisions [8–10]. Indeed, the presence of vortic-
ity may provide information about the (mean) initial state of
the hydrodynamical evolution which cannot be achieved oth-
erwise, and it is related to the onset of peculiar physics in the
plasma at high temperature, such as the chiral vortical e↵ect
[11]. Furthermore, it has been shown that vorticity gives rise
to polarization of particles in the final state, so that e.g. ⇤
baryon polarization - if measurable - can be used to detect
it [12, 13]. Finally, as we will show, numerical calculation
of vorticity can be used to make stringent tests of numerical
codes, as the T-vorticity (see sect. II for the definition) is ex-
pected to vanish throughout under special initial conditions in
the ideal case.

Lately, vorticity has been the subject of investigations in
refs. [9, 10] with peculiar initial conditions in cartesian coor-
dinates, ideal fluid approximation and isochronous freezeout.
Instead, in this work, we calculate di↵erent kinds of vortic-
ity with our 3+1D ECHO-QGP 1 code [3], including dissi-
pative relativistic hydrodynamics in the Israel-Stewart formu-
lation with Bjorken initial conditions for the flow (i.e. with

1 The code is publicly available at the web site http://theory.fi.infn.it/echoqgp

ux = uy = u⌘ = 0), henceforth denoted as BIC. It should be
pointed out from the very beginning that the purpose of this
work is to make a general assessment of vorticity at top RHIC
energy and not to provide a precision fit to all the available
data. Therefore, our calculations do not take into account ef-
fects such as viscous corrections to particle distribution at the
freezeout and initial state fluctuations, that is we use smooth
initial conditions obtained averaging over many events.

A. Notations

In this paper we use the natural units, with ~ = c = K = 1.
The Minkowskian metric tensor is diag(1,�1,�1,�1); for the
Levi-Civita symbol we use the convention ✏0123 = 1.
We will use the relativistic notation with repeated indices as-
sumed to be summed over, however contractions of indices
will be sometimes denoted with dots, e.g. u · T · u ⌘ uµT µ⌫u⌫.
The covariant derivative is denoted as dµ (hence d�gµ⌫ = 0),
the exterior derivative by d, whereas @µ is the ordinary deriva-
tive.

II. VORTICITIES IN RELATIVISTIC HYDRODYNAMICS

Unlike in classical hydrodynamics, where vorticity is the
curl of the velocity field v, several vorticities can be defined
in relativistic hydrodynamics which can be useful in di↵erent
applications (see also the review [14]).
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- Should be strongly “correlated” with elliptic flow 
- Weak energy dependence (might even increase with energy) 
- Measurements wrt !2  - good RP resolution 
- Might provide detailed information on velocity fields

Local polarization along beam direction
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S. Voloshin, SQM2017

Stronger flow in in-plane than in out-of-plane 
could make local polarization along beam axis!

Similar to the global polarization (y-component), 
longitudinal component Pz can be expressed with <cosθp*>. 
<(cosθp*)2> accounts for an acceptance effect, especially  
inefficiency at forward/backward rapidity

(if perfect detector)
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Different trend to the theoretical predictions 
   - Hydro model: F. Becattini and I. Karpenko, PRL.120.012302 (2018) 
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FIG. 2. Map of longitudinal component of polarization of midrapidity ⇤ from a hydrodynamic calculation corresponding to
20-50% central Au-Au collisions at

p
sNN = 200 GeV (left) and 20-50% central Pb-Pb collisions at

p
sNN = 2760 GeV (right).

where ' is the transverse momentum azimuthal angle,
set to be zero at the reaction plane. In the above equa-
tion the longitudinal spin component is a function of the
spectrum alone at Y = 0. By expanding it in Fourier
series in ' and retaining only the elliptic flow term, one
obtains:

S

z(p
T

, Y = 0) = �dT/d⌧

4mT

@

@'

2v2(pT ) cos 2'

=
dT

d⌧

1

mT

v2(pT ) sin 2' (13)

meaning, comparing this result to eq. (7) that in this
case:

f2(pT ) = 2
dT

d⌧

1

mT

v2(pT )

This simple formula only applies under special assump-
tions with regard to the hydrodynamic temperature evo-
lution, but it clearly shows the salient features of the
longitudinal polarization at mid-rapidity as a function of
transverse momentum and how it can provide direct in-
formation on the temperature gradient at hadronization.
It also shows, as has been mentioned - that it is driven by
physical quantities related to transverse expansion and
that it is independent of longitudinal expansion.

Polarization of ⇤ hyperons along the beam line

The above conclusion is confirmed by more realistic 3D
viscous hydrodynamic simulations of heavy ion collisions
using averaged initial state from Monte Carlo Glauber
model with its parameters set as in [16]. We have cal-
culated the polarization vector P

⇤ = 2S⇤ of primary ⇤
hyperons with Y = 0 in their rest frame (note that at
mid-rapidity S

⇤z = S

z). The resulting transverse mo-
mentum dependence of P ⇤z is shown in fig. 2 for 20-50%
central Au-Au collisions at

p
sNN = 200 (RHIC) and

20-50% Pb-Pb collisions at
p
sNN = 2760 GeV (LHC).

FIG. 3. Second harmonic of the longitudinal component of ⇤
polarization f2 from hydrodynamic simulations as a function
of p

T

for di↵erent energies.

The corresponding second harmonic coe�cients f2 are
displayed in fig. 3 for 4 di↵erent collision energies: 7.7,
19.6 GeV (calculated with initial state from the UrQMD
cascade [17]), 200 and 2760 GeV (with the initial state
from Monte Carlo Glauber [16]). It is worth noting that,
whilst the P y component, along the angular momentum,
decreases by about a factor 10 between

p
sNN = 7.7 and

200 GeV, f2 decreases by only 35%. We also find that
the mean, p

T

integrated value of f2 stays around 0.2% at
all collision energies, owing to two compensating e↵ects:
decreasing p

T

di↵erential f2(pT ) and increasing mean p

T

with increasing collision energy.
In principle, the longitudinal polarization of ⇤ hyper-

ons can be measured in a similar fashion as for the compo-

Hydro calculation of Pz 
F. Becattini and I. Karpenko,  
PRL.120.012302 (2018)
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Figure 6. The collective velocity of the source element at angle �s at the
surface is along the boost angle �b, perpendicular to the surface described
by Eq. 9. The boost velocity is given by Eq. 10.

notated as ⇢0, amplitude of azimuthal modulation in expansion velocity, noted below as b, and the
spatial anisotropy parameter a. The source (see Fig. 6) is then described by the following equations:

rmax = R[1 � a cos(2�s)], (9)

⇢t = ⇢t,max[r/rmax(�s)][1 + b cos(2�s)] ⇡ ⇢t,max(r/R)[1 + (a + b) cos(2�s)]. (10)

It is assumed that the collective velocity of the source element located at azimuthal angle �s is boosted
with velocity ⇢t perpendicular to the surface of the ellipse similar to that of Eq. 9. Assuming that
a ⌧ 1, b ⌧ 1, the di↵erence �s � �b ⇡ 2a sin(2�s) and the vorticity:

!z = 1/2(r ⇥ v)z ⇡ (⇢t,nmax/R) sin(n�s)[bn � an]. (11)

The estimates above should be valid for anisotropic flow of any harmonics - which is the reason we
have changed in Eq. 11 the harmonic order from 2 to n. It is obviously quite a rough approximation
(which in principle can be improved) as it leads to a discontinuity at the origin. It provides the
following estimate for the hyperon polarization:

Pz ⇡ !z/(2T ) ⇡ 0.1 sin(n�s)[bn � an], (12)

where we assumed that ⇢t,nmax ⇠ 1, R ⇡ 10 fm, and T ⇡ 100 MeV. In practice, the coe�cients bn

and an are both of the order of a few percent, often close to each other. That results in the values for
z-polarization not greater than a few per-mill, almost an order of magnitude lower than obtained in
hydrodynamics calculations [7, 13].

The measurements of the z component of polarization could be relatively simple as they do not
require the knowledge of the first harmonic event plane. The acceptance e↵ects should be also readily
accounted for requiring that the z component of the polarization averaged over all azimuthal angles to
be zero.

We note that vorticity fields due the anisotropic flow are formed closer to the freeze-out, unlike
the ones due to the “shear” in the initial velocity fields (as shown in Fig 1). Having in mind the finite
relaxation time for establishing the equilibrium the relation between these two vorticities and the final
polarizations can be di↵erent.

Finally, we mention another very interesting possibility for vorticity studies in asymmetric nuclear
collisions such as Cu+Au. For relatively central collisions, when during the collision a smaller nucleus
is fully “absorbed” by the larger one (e.g. such collisions can be selected by requiring no signal in the
zero degree calorimeter in the lighter nucleus beam direction), one can easily imagine a configuration
with toroidal velocity field, and as a consequence, a vorticity field in the form of a circle. The direction
of the polarization in such a case would be given by p̂T ⇥ ẑ, where p̂T and ẑ are the unit vectors along
the particle transverse momentum and the (lighter nucleus) beam direction.

an: spatial anisotropy,  bn: flow anisotropy

S. Voloshin, arXiv:1710.08934

The sign of <cosθp*> may depend on the relation 
between the magnitudes of spatial and flow 
anisotropy based on BW model

S. Voloshin, SQM2017
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FIG. 2. Map of longitudinal component of polarization of midrapidity ⇤ from a hydrodynamic calculation corresponding to
20-50% central Au-Au collisions at

p
sNN = 200 GeV (left) and 20-50% central Pb-Pb collisions at

p
sNN = 2760 GeV (right).

where ' is the transverse momentum azimuthal angle,
set to be zero at the reaction plane. In the above equa-
tion the longitudinal spin component is a function of the
spectrum alone at Y = 0. By expanding it in Fourier
series in ' and retaining only the elliptic flow term, one
obtains:
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case:
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This simple formula only applies under special assump-
tions with regard to the hydrodynamic temperature evo-
lution, but it clearly shows the salient features of the
longitudinal polarization at mid-rapidity as a function of
transverse momentum and how it can provide direct in-
formation on the temperature gradient at hadronization.
It also shows, as has been mentioned - that it is driven by
physical quantities related to transverse expansion and
that it is independent of longitudinal expansion.

Polarization of ⇤ hyperons along the beam line

The above conclusion is confirmed by more realistic 3D
viscous hydrodynamic simulations of heavy ion collisions
using averaged initial state from Monte Carlo Glauber
model with its parameters set as in [16]. We have cal-
culated the polarization vector P

⇤ = 2S⇤ of primary ⇤
hyperons with Y = 0 in their rest frame (note that at
mid-rapidity S

⇤z = S

z). The resulting transverse mo-
mentum dependence of P ⇤z is shown in fig. 2 for 20-50%
central Au-Au collisions at

p
sNN = 200 (RHIC) and

20-50% Pb-Pb collisions at
p
sNN = 2760 GeV (LHC).

FIG. 3. Second harmonic of the longitudinal component of ⇤
polarization f2 from hydrodynamic simulations as a function
of p
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19.6 GeV (calculated with initial state from the UrQMD
cascade [17]), 200 and 2760 GeV (with the initial state
from Monte Carlo Glauber [16]). It is worth noting that,
whilst the P y component, along the angular momentum,
decreases by about a factor 10 between
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the mean, p
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integrated value of f2 stays around 0.2% at
all collision energies, owing to two compensating e↵ects:
decreasing p

T

di↵erential f2(pT ) and increasing mean p
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with increasing collision energy.
In principle, the longitudinal polarization of ⇤ hyper-
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FIG. 2. Map of longitudinal component of polarization of midrapidity ⇤ from a hydrodynamic calculation corresponding to
20-50% central Au-Au collisions at

p
sNN = 200 GeV (left) and 20-50% central Pb-Pb collisions at

p
sNN = 2760 GeV (right).

where ' is the transverse momentum azimuthal angle,
set to be zero at the reaction plane. In the above equa-
tion the longitudinal spin component is a function of the
spectrum alone at Y = 0. By expanding it in Fourier
series in ' and retaining only the elliptic flow term, one
obtains:
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This simple formula only applies under special assump-
tions with regard to the hydrodynamic temperature evo-
lution, but it clearly shows the salient features of the
longitudinal polarization at mid-rapidity as a function of
transverse momentum and how it can provide direct in-
formation on the temperature gradient at hadronization.
It also shows, as has been mentioned - that it is driven by
physical quantities related to transverse expansion and
that it is independent of longitudinal expansion.

Polarization of ⇤ hyperons along the beam line

The above conclusion is confirmed by more realistic 3D
viscous hydrodynamic simulations of heavy ion collisions
using averaged initial state from Monte Carlo Glauber
model with its parameters set as in [16]. We have cal-
culated the polarization vector P

⇤ = 2S⇤ of primary ⇤
hyperons with Y = 0 in their rest frame (note that at
mid-rapidity S

⇤z = S

z). The resulting transverse mo-
mentum dependence of P ⇤z is shown in fig. 2 for 20-50%
central Au-Au collisions at

p
sNN = 200 (RHIC) and

20-50% Pb-Pb collisions at
p
sNN = 2760 GeV (LHC).

FIG. 3. Second harmonic of the longitudinal component of ⇤
polarization f2 from hydrodynamic simulations as a function
of p

T

for di↵erent energies.

The corresponding second harmonic coe�cients f2 are
displayed in fig. 3 for 4 di↵erent collision energies: 7.7,
19.6 GeV (calculated with initial state from the UrQMD
cascade [17]), 200 and 2760 GeV (with the initial state
from Monte Carlo Glauber [16]). It is worth noting that,
whilst the P y component, along the angular momentum,
decreases by about a factor 10 between

p
sNN = 7.7 and

200 GeV, f2 decreases by only 35%. We also find that
the mean, p

T

integrated value of f2 stays around 0.2% at
all collision energies, owing to two compensating e↵ects:
decreasing p

T

di↵erential f2(pT ) and increasing mean p

T

with increasing collision energy.
In principle, the longitudinal polarization of ⇤ hyper-

ons can be measured in a similar fashion as for the compo-

Hydro calculation of Pz 
F. Becattini and I. Karpenko,  
PRL.120.012302 (2018)
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 First observation of non-zero Λ global polarization at √sNN = 200 GeV 
 Larger signal in more peripheral collisions 
 Larger signal in in-plane than in out-of-plane 
 No significant dependence on pT and η 
 Charge-asymmetry dependence (~2σ level) with a possible relation to the axial 
current induced by B-field 

 Local vorticity along the beam direction 
 Quadrupole structure of the polarization along the beam direction, as expected 
from the elliptic flow 
 Strong centrality dependence similar to that of the elliptic flow
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Isobaric collisions and Au+Au 27 GeV in 2018 (taking data now!) 
~1B events for each collision with EPD (better EP resolution) 
Any splitting of Λ and anti-Λ? Any difference btw Ru+Ru and Zr+Zr? 

Beam Energy Scan Ⅱ (2019+) 
7.7-19.6 GeV (10 times more events than BES-I)  
+ Fixed-target program with iTPC and eTOF (wider η coverage)

iTPC upgrade 
- pT>60 MeV/c 
- Extension from |η|<1 to |η|<1.5 
- Improvement of dE/dx resolution

EPD upgrade 
- 2.1<|η|<5.1 
- Improves EP resolution 
- Independent trigger

eTOF upgrade 
- -1.6<η<-1.1 
- Extends forward PID capability

endcap TOF

Event Plane Detector

inner TPC

installed

ready in 2019

ready in 2019
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Erratum: ! polarization in peripheral heavy ion collisions [Phys. Rev. C 88, 034905 (2013)]

F. Becattini, L. P. Csernai, D. J. Wang, and Y. L. Xie
(Received 2 December 2015; revised manuscript received 13 May 2016; published 6 June 2016)

DOI: 10.1103/PhysRevC.93.069901

In Sec. II, in the un-numbered equation after Eq. (4), we reported the angular distribution of the proton momentum dN/d!∗ as
a function of the polarization vector "0. In our convention, which follows that of Ref. [10], this vector has a maximal magnitude
of 1/2, i.e., the " spin, whereas the usual convention in particle physics has as maximal magnitude 1, i.e., 100% polarization.
Therefore, the correct formula for the angular distribution with α = 0.647 reads

1
N

dN

d!∗ = 1
4π

(1 + 2α"0 · p̂∗).

In Sec. II, below Eq. (3), we erroneously stated that because of parity symmetry, the integral term on the right-hand side
of Eq. (3) involving the time derivative of β and the gradient of β0 vanishes. In fact, because of the noninvariance of the β
four-vector under reflection (β0,β) → (β0, − β), the Fermi-Dirac distribution gets changed

nF = 1
eβ0ε−β·p+µ/T + 1

→ 1
eβ0ε+β·p+µ/T + 1

,

and the second term on the right-hand side of Eq. (3) does contribute to the polarization vector. This additional term vanishes in
the nonrelativistic limit of the flow ∥β∥ ≪ β0 and of the particle as well (∥p∥ ≪ ε).

Under the conditions explored in the paper and according to our calculations, initially the relative contribution of the neglected
term to '0y in Eq. (3) is small and positive. However, for later times, it increases, and at 4.75 fm/c—the time chosen for the
stopping of the hydrodynamical regime—it overcomes the first term at high |px | and small |py |. As a consequence, the overall
pattern of the pT dependence of '0y(px,py) changes considerably with respect to our previous calculation with a maximal
positive (i.e., opposite to the angular momentum, see Fig. 1 in the paper) polarization of 8% at high |px | and small |py | and a
minimum at −6% (negative, i.e., along the angular momentum) at high |py | and small |px | momenta, whereas the momentum
average of '0y remains negative, see the figure below.

Note that, in the corrected Fig. 3 below, we have plotted the polarization normalized to 1, that is, 2' with ' as in Eqs. (1),
(3), and (4).

10%

10%

2%

2%

7%

7%

5%

5%

-4 -2 0 2 4
-4

-2

0

2

4
|Π0(px,py)|

P
y(

G
eV

/c
)

Px(GeV/c)

2

8% 8%4%4%

-6%

-6%

0% 0%

-4%

-4%

-4 -2 0 2 4
-4

-2

0

2

4

P
y(

G
eV

/c
)

Px(GeV/c)

Π0y(px,py)2

FIG. 3. Replacement for Fig. 3. The y component (left panel) and the modulus of the polarization (right panel) in the rest frame of the "

as a function of momentum in the transverse plane (i.e., at pz = 0).
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Figure 6. The collective velocity of the source element at angle �s at the
surface is along the boost angle �b, perpendicular to the surface described
by Eq. 9. The boost velocity is given by Eq. 10.

notated as ⇢0, amplitude of azimuthal modulation in expansion velocity, noted below as b, and the
spatial anisotropy parameter a. The source (see Fig. 6) is then described by the following equations:

rmax = R[1 � a cos(2�s)], (9)

⇢t = ⇢t,max[r/rmax(�s)][1 + b cos(2�s)] ⇡ ⇢t,max(r/R)[1 + (a + b) cos(2�s)]. (10)

It is assumed that the collective velocity of the source element located at azimuthal angle �s is boosted
with velocity ⇢t perpendicular to the surface of the ellipse similar to that of Eq. 9. Assuming that
a ⌧ 1, b ⌧ 1, the di↵erence �s � �b ⇡ 2a sin(2�s) and the vorticity:

!z = 1/2(r ⇥ v)z ⇡ (⇢t,nmax/R) sin(n�s)[bn � an]. (11)

The estimates above should be valid for anisotropic flow of any harmonics - which is the reason we
have changed in Eq. 11 the harmonic order from 2 to n. It is obviously quite a rough approximation
(which in principle can be improved) as it leads to a discontinuity at the origin. It provides the
following estimate for the hyperon polarization:

Pz ⇡ !z/(2T ) ⇡ 0.1 sin(n�s)[bn � an], (12)

where we assumed that ⇢t,nmax ⇠ 1, R ⇡ 10 fm, and T ⇡ 100 MeV. In practice, the coe�cients bn

and an are both of the order of a few percent, often close to each other. That results in the values for
z-polarization not greater than a few per-mill, almost an order of magnitude lower than obtained in
hydrodynamics calculations [7, 13].

The measurements of the z component of polarization could be relatively simple as they do not
require the knowledge of the first harmonic event plane. The acceptance e↵ects should be also readily
accounted for requiring that the z component of the polarization averaged over all azimuthal angles to
be zero.

We note that vorticity fields due the anisotropic flow are formed closer to the freeze-out, unlike
the ones due to the “shear” in the initial velocity fields (as shown in Fig 1). Having in mind the finite
relaxation time for establishing the equilibrium the relation between these two vorticities and the final
polarizations can be di↵erent.

Finally, we mention another very interesting possibility for vorticity studies in asymmetric nuclear
collisions such as Cu+Au. For relatively central collisions, when during the collision a smaller nucleus
is fully “absorbed” by the larger one (e.g. such collisions can be selected by requiring no signal in the
zero degree calorimeter in the lighter nucleus beam direction), one can easily imagine a configuration
with toroidal velocity field, and as a consequence, a vorticity field in the form of a circle. The direction
of the polarization in such a case would be given by p̂T ⇥ ẑ, where p̂T and ẑ are the unit vectors along
the particle transverse momentum and the (lighter nucleus) beam direction.
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spatial anisotropy parameter a. The source (see Fig. 6) is then described by the following equations:

rmax = R[1 � a cos(2�s)], (9)

⇢t = ⇢t,max[r/rmax(�s)][1 + b cos(2�s)] ⇡ ⇢t,max(r/R)[1 + (a + b) cos(2�s)]. (10)

It is assumed that the collective velocity of the source element located at azimuthal angle �s is boosted
with velocity ⇢t perpendicular to the surface of the ellipse similar to that of Eq. 9. Assuming that
a ⌧ 1, b ⌧ 1, the di↵erence �s � �b ⇡ 2a sin(2�s) and the vorticity:

!z = 1/2(r ⇥ v)z ⇡ (⇢t,nmax/R) sin(n�s)[bn � an]. (11)

The estimates above should be valid for anisotropic flow of any harmonics - which is the reason we
have changed in Eq. 11 the harmonic order from 2 to n. It is obviously quite a rough approximation
(which in principle can be improved) as it leads to a discontinuity at the origin. It provides the
following estimate for the hyperon polarization:

Pz ⇡ !z/(2T ) ⇡ 0.1 sin(n�s)[bn � an], (12)

where we assumed that ⇢t,nmax ⇠ 1, R ⇡ 10 fm, and T ⇡ 100 MeV. In practice, the coe�cients bn

and an are both of the order of a few percent, often close to each other. That results in the values for
z-polarization not greater than a few per-mill, almost an order of magnitude lower than obtained in
hydrodynamics calculations [7, 13].

The measurements of the z component of polarization could be relatively simple as they do not
require the knowledge of the first harmonic event plane. The acceptance e↵ects should be also readily
accounted for requiring that the z component of the polarization averaged over all azimuthal angles to
be zero.

We note that vorticity fields due the anisotropic flow are formed closer to the freeze-out, unlike
the ones due to the “shear” in the initial velocity fields (as shown in Fig 1). Having in mind the finite
relaxation time for establishing the equilibrium the relation between these two vorticities and the final
polarizations can be di↵erent.

Finally, we mention another very interesting possibility for vorticity studies in asymmetric nuclear
collisions such as Cu+Au. For relatively central collisions, when during the collision a smaller nucleus
is fully “absorbed” by the larger one (e.g. such collisions can be selected by requiring no signal in the
zero degree calorimeter in the lighter nucleus beam direction), one can easily imagine a configuration
with toroidal velocity field, and as a consequence, a vorticity field in the form of a circle. The direction
of the polarization in such a case would be given by p̂T ⇥ ẑ, where p̂T and ẑ are the unit vectors along
the particle transverse momentum and the (lighter nucleus) beam direction.

Quadrupole or sine structure of ωz is expected.

S. Voloshin, arXiv:1710.08934

an: spatial anisotropy 
bn: flow anisotropy 
R: reference source radius 
ρt: transverse flow velocity
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7

transfer coe�cient C was determined by the usual
quantum-mechanical angular momentum addition rules
and Clebsch-Gordan coe�cients, as the spin vector would
not change under a change of frame. Surprisingly, this
holds in the relativistic case provided that the coe�cient
C is independent of the dynamics, as it is shown in Ap-
pendix A. In this case, C is independent of Lorentz fac-
tors � or � of the daughter particles in the rest frame of
the parent, unlike naively expected. This feature makes
C a simple rational number in all cases where the conser-
vation laws fully constrain it. The polarization transfer
coe�cients C of several important baryons decaying to ⇤s
are reported in table (I) and their calculation described
in detail in Appendix A.

Taking the feed-down into account, the measured mean
⇤ spin vector along the angular momentum direction can
then be expressed as:

S

⇤,meas
⇤ =

X

R

⇥
f⇤RC⇤R � 1

3f⌃0RC⌃0R

⇤
S

⇤
R. (37)

This formula accounts for direct feed-down of a particle-
resonance R to a ⇤, as well as the two-step decay R !
⌃0 ! ⇤; these are the only significant feed-down paths
to a ⇤. In the eq.( 37), f⇤R (f⌃0R) is the fraction of

measured ⇤’s coming from R ! ⇤ (R ! ⌃0 ! ⇤).
The spin transfer to the ⇤ in the direct decay is denoted
C⇤R, while C⌃0R represents the spin transfer from R to
the daughter ⌃0. The explicit factor of � 1

3 is the spin
transfer coe�cient from the ⌃0 to the daughter ⇤ from
the decay ⌃0 ! ⇤+ �.

In terms of polarization (see eq. (14)):

Pmeas
⇤ = 2

X

R

⇥
f⇤RC⇤R � 1

3f⌃0RC⌃0R

⇤
SRPR (38)

where SR is the spin of the particle R. The sums in equa-
tions (37) and (38) are understood to include terms for
the contribution of primary ⇤s and ⌃0s. These equations
are readily extended to include additional multiple-step
decay chains that terminate in a ⇤ daughter, although
such contributions would be very small.

Therefore, in the limit of small polarization, the polar-
izations of measured (including primary as well as sec-
ondary) ⇤ and ⇤ are linearly related to the mean (co-
moving) thermal vorticity and magnetic field according
to eq. (31) or eq. (14), and these physical quantities may
be extracted from measurement as:
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(39)

In the eq. (39), R stands for antibaryons that feed down
into measured ⇤s. The polarization transfer is the same
for baryons and antibaryons (C⇤R = C⇤R) and the mag-
netic moment has opposite sign (µR = �µR).

According to the THERMUS model [42], tuned to
reproduce semi-central Au+Au collisions at

p
sNN =

19.6 GeV, fewer than 25% of measured ⇤s and ⇤s are
primary, while more than 60% may be attributed to feed-
down from primary ⌃⇤, ⌃0 and ⌅ baryons.

The remaining ⇠ 15% come from small contribu-
tions from a large number higher-lying resonances such
as ⇤(1405),⇤(1520),⇤(1600),⌃(1660) and ⌃(1670). We
find that, for B = 0, their contributions to the measured
⇤ polarization largely cancel each other, due to alternat-
ing signs of the polarization transfer factors. Their net
e↵ect, then, is essentially a 15% “dilution,” contribut-
ing ⇤s to the measurement with no e↵ective polarization.
Since the magnetic moments of these baryons are unmea-
sured, it is not clear what their contribution to P⇤meas

would be when B 6= 0. However, it is reasonable to as-
sume it would be small, as the signs of both the transfer
coe�cients and the magnetic moments will fluctuate.

Accounting for feed-down is crucial for quantitative es-

timates of vorticity and magnetic field based on exper-
imental measurements of the global polarization of hy-
perons, as we illustrate with an example, using

p
sNN =

19.6 GeV THERMUS feed-down probabilities. Let us as-
sume that the thermal vorticity is $ = 0.1 and the mag-
netic field isB = 0. In this case, according to eq. (15), the
primary hyperon polarizations are P prim

⇤ = P prim

⇤
= 0.05.

However, the measured polarizations would be Pmeas
⇤ =

0.0395 and Pmeas
⇤

= 0.0383. The two measured values
di↵er because the finite baryochemical potential at these
energies leads to slightly di↵erent feed-down fractions for
baryons and anti-baryons.

Hence, failing to account for feed-down when using
equation 15 would lead to a ⇠ 20% underestimate of the
thermal vorticity. Even more importantly, if the splitting
between ⇤ and ⇤ polarizations were attributed entirely
to magnetic e↵ects (i.e. if one neglected to account for
feed-down e↵ects), equation (34) would yield an erro-
neous estimate B ⇡ �0.015m2

⇡. This erroneous estimate
has roughly the magnitude of the magnetic field expected
in heavy ion collisions, but points the in the “wrong” di-
rection, i.e. opposite the vorticity. In other words, in the
absence of feed-down e↵ects, a magnetic field is expected

Becattini, Karpenko, Lisa, Upsal, and Voloshin,  
PRC95.054902 (2017)

fΛR  : fraction of Λ originating from parent R 
CΛR : coefficient of spin transfer from parent R to Λ 
SR   : parent particle’s spin  
μR  : magnetic moment of particle R ~15% dilution of primary Λ polarization 

(model-dependent)

S⇤
⇤ = CS⇤

R
hSyi /

S(S + 1)

3
!

Only ~25% of measured Λ and anti-Λ are primary, while ~60% are feed-down 
from Σ*→Λπ, Σ0→Λγ, Ξ→Λπ 

Polarization of parent particle R is transferred to its daughter Λ
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Systematic uncertainties
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Event plane determination:  ~22% 

Methods to extract the polarization signal:  ~21% 

Possible contribution from the background:  ~13% 

Topological cuts:  <3% 

Uncertainties of the decay parameter:  ~2% for Λ, ~9.6% for anti-Λ 

Extraction of Λ yield (BG estimate):  <1% 

Also, the following studies were done to check if there is no experimental effect: 

Two different polarities of the magnetic field for TPC 

Acceptance effect 

Different time period during the data taking 

Efficiency effect

Case of 200 GeV as an example


