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Important features in non-central heavy-ion collisions
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In non-central collisions,  
the initial collective longitudinal flow velocity depends on x.

© UrQMD

 3

!y =
1

2
(r⇥ v)y ⇡ �1

2

@vz
@x

impact parameter

beam direction

ANGULAR MOMENTUM CONSERVATION IN HEAVY ION . . . PHYSICAL REVIEW C 77, 024906 (2008)
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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
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t=0

γ 2
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∂γ 2
0 vz0

∂x

∣∣∣∣
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. (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
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. (23)
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Global polarization
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L

L

Vorticity → Global Polarization

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

- Z.-T. Liang and X.-N. Wang, PRL94, 102301 (2005) 
- S. Voloshin, nucl-th/0410089 (2004)

Reaction Plane

~L k ~B particle
antiparticle
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Beam-Beam Counter

Time-Of-Flight detector
(|η|<0.9)

Time Projection Chamber
(|η|<1)

Zero Degree Calorimeter 
with Shower Maximum Detector

TPC dE/dx vs momentum/charge

TOF 1/β vs momentum/charge

- Full azimuthal and large rapidity coverage 
- Excellent particle identification

Au+Au √sNN = 200 GeV

Vertex Position Detector
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How to measure the polarization?

 6

Parity-violating decay of hyperons
Daughter baryon is preferentially emitted in the direction  
of hyperon’s spin (opposite for anti-particle)

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)

Ψ1: azimuthal angle of the impact parameter 
φp*: φ of daughter proton in Λ rest frame

Angular momentum direction can be determined by 
spectator deflection (spectators deflect outwards) 
   - S. Voloshin and TN, PRC94.021901(R)(2016)

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 the Λ rest frame 
αH: Λ decay parameter  
      (αΛ = -αΛ = 0.642±0.013)-

⇤ ! p+ ⇡�
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ZDC-
SMD

C. Patrignani et al. (PDG), Chin. Phys. C 40, 100001 (2016)
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Signal extraction with Λ hyperons
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GLOBAL POLARIZATION OF ! HYPERONS IN … PHYSICAL REVIEW C 98, 014910 (2018)
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FIG. 2. Invariant mass distributions of the (p, π−) system for !

(a) and of the (p̄, π+) system for !̄ (b) in the 30–40% centrality bin for
2014 data. Bold solid lines show the background distribution obtained
by a linear fitting function, and dashed lines show the background
from mixed events. Shaded areas show the extracted signal after the
background subtraction using the fitting function.

the TOF detector, like in our previous publication [33]. Charged
pions and protons were selected by requiring the track to
be within three standard deviations (3σ ) from their peaks
in the normalized dE/dx distribution. If the track had TOF
hit information, then a constraint based on the square of the
measured mass was required. If the TOF information was not
available, then an additional cut based on dE/dx was applied,
requiring pions (protons) to be 3σ away from the proton (pion)
peak in the normalized dE/dx distribution.

The invariant mass, Minv, was calculated using candi-
dates for the daughter tracks. To reduce the combinatorial
background, selection criteria based on the following decay
topology parameters were used:

(i) Distance of the closest approach (DCA) between
daughter tracks and the primary vertex,

(ii) DCA between reconstructed trajectories of ! (!̄)
candidates and the primary vertex,

(iii) DCA between two daughter tracks, and
(iv) Decay length of ! (!̄) candidates.

Furthermore ! (!̄) candidates were required to point away
from the primary vertex. Cuts on the decay topology were
adjusted, depending on the collision centrality, to account for
the variation of the combinatorial background with centrality.
The background level relative to the ! (!̄) signal in the ! mass
region falls below 30% at maximum in this analysis. Finally, !
and !̄ with 0.5 < pT < 6 GeV/c and |η| < 1 were analyzed
in this study.

Figure 2 shows the invariant mass distributions for ! and !̄
in the 10–80% centrality bin for 2014 data as an example. The
combinatorial background under the ! peak was estimated
by fitting the off-peak region with a linear function, and by
the event mixing technique [36], shown in Fig. 2 as solid and
dashed lines, respectively.

D. Polarization measurement

As mentioned in Sec. I, the global polarization can be
measured via analysis of the azimuthal distribution of daughter

] 2 [GeV/cinvM

1.1 1.11 1.12

 〉)
* pφ- 1

Ψ
si

n(
〈

0.001−

0

0.001

STAR 10%-80%

Λ

(a)

] 2 [GeV/cinvM

1.1 1.11 1.12

Λ zero BG

inv
Mβ+αBG of 

(b)

FIG. 3. ⟨sin("1 − φ∗
p )⟩ as a function of the invariant mass for !

(a) and !̄ (b) in the 10–80% centrality bin for 2014 data. Solid and
dashed lines show the fitting function for actual fit range, Eq. (3), with
two different background assumptions.

protons in the ! rest frame relative to the reaction plane.
As mentioned in Sec. III A, the first-order event plane "1
determined by the spectator fragments was used in this analysis
as an estimator of the reaction plane. The sideward deflection
of the spectators allows us to know the direction of the initial
angular momentum. Taking into account the experimental
resolution of the event plane, the polarization projected onto
the direction of the system global angular momentum can be
obtained by [13]:

PH = 8
παH

〈
sin

(
"obs

1 − φ∗
p

)〉

Res("1)
, (2)

where αH are the decay parameters of ! (α!) and !̄ (α!̄),
α! = −α!̄ = 0.642 ± 0.013 [35]. The angle φ∗

p denotes the
azimuthal angle of the daughter proton in the ! rest frame.
The Res("1) is the resolution of the first-order event plane.
Two different techniques were used to extract the polarization
signal ⟨sin("1 − φ∗

p )⟩: the invariant mass method and the event
plane method, both of which are often used in flow analyses
[3,37].

In the invariant mass method [36,37], the mean value of
the sine term in Eq. (2) was measured as a function of the
invariant mass. Since the ! particles and background cannot be
separated on an event-by-event basis, the observed polarization
signal is the sum of the signal and background:

⟨sin("1 − φ∗
p )⟩obs = (1 − f Bg(Minv))⟨sin("1 − φ∗

p )⟩Sg

+ f Bg(Minv)⟨sin("1 − φ∗
p )⟩Bg, (3)

where f Bg(Minv) is the background fraction at the invariant
massMinv. The term ⟨sin("1 − φ∗

p )⟩Sg is the polarization signal
for ! (!̄), where the term ⟨sin("1 − φ∗

p )⟩Bg is the background
contribution, which is in general expected to be zero, but could
be nonzero, for example, due to misidentification of particles
or errors in track reconstruction. The data were fitted with
Eq. (3) to extract the polarization signal. Since the shape of
the background as a function of invariant mass is unknown,
two assumptions concerning the background contribution were
tested: a linear function over Minv (⟨sin("1 − φ∗

p )⟩Bg = α +
βMinv) and zero background contribution (α = 0, β = 0).
Figure 3 shows the observed ⟨sin("1 − φ∗

p )⟩ as a function of
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FIG. 2. Invariant mass distributions of the (p, π−) system for !

(a) and of the (p̄, π+) system for !̄ (b) in the 30–40% centrality bin for
2014 data. Bold solid lines show the background distribution obtained
by a linear fitting function, and dashed lines show the background
from mixed events. Shaded areas show the extracted signal after the
background subtraction using the fitting function.

the TOF detector, like in our previous publication [33]. Charged
pions and protons were selected by requiring the track to
be within three standard deviations (3σ ) from their peaks
in the normalized dE/dx distribution. If the track had TOF
hit information, then a constraint based on the square of the
measured mass was required. If the TOF information was not
available, then an additional cut based on dE/dx was applied,
requiring pions (protons) to be 3σ away from the proton (pion)
peak in the normalized dE/dx distribution.

The invariant mass, Minv, was calculated using candi-
dates for the daughter tracks. To reduce the combinatorial
background, selection criteria based on the following decay
topology parameters were used:

(i) Distance of the closest approach (DCA) between
daughter tracks and the primary vertex,

(ii) DCA between reconstructed trajectories of ! (!̄)
candidates and the primary vertex,

(iii) DCA between two daughter tracks, and
(iv) Decay length of ! (!̄) candidates.

Furthermore ! (!̄) candidates were required to point away
from the primary vertex. Cuts on the decay topology were
adjusted, depending on the collision centrality, to account for
the variation of the combinatorial background with centrality.
The background level relative to the ! (!̄) signal in the ! mass
region falls below 30% at maximum in this analysis. Finally, !
and !̄ with 0.5 < pT < 6 GeV/c and |η| < 1 were analyzed
in this study.

Figure 2 shows the invariant mass distributions for ! and !̄
in the 10–80% centrality bin for 2014 data as an example. The
combinatorial background under the ! peak was estimated
by fitting the off-peak region with a linear function, and by
the event mixing technique [36], shown in Fig. 2 as solid and
dashed lines, respectively.

D. Polarization measurement

As mentioned in Sec. I, the global polarization can be
measured via analysis of the azimuthal distribution of daughter
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FIG. 3. ⟨sin("1 − φ∗
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(a) and !̄ (b) in the 10–80% centrality bin for 2014 data. Solid and
dashed lines show the fitting function for actual fit range, Eq. (3), with
two different background assumptions.

protons in the ! rest frame relative to the reaction plane.
As mentioned in Sec. III A, the first-order event plane "1
determined by the spectator fragments was used in this analysis
as an estimator of the reaction plane. The sideward deflection
of the spectators allows us to know the direction of the initial
angular momentum. Taking into account the experimental
resolution of the event plane, the polarization projected onto
the direction of the system global angular momentum can be
obtained by [13]:

PH = 8
παH

〈
sin

(
"obs

1 − φ∗
p

)〉

Res("1)
, (2)

where αH are the decay parameters of ! (α!) and !̄ (α!̄),
α! = −α!̄ = 0.642 ± 0.013 [35]. The angle φ∗

p denotes the
azimuthal angle of the daughter proton in the ! rest frame.
The Res("1) is the resolution of the first-order event plane.
Two different techniques were used to extract the polarization
signal ⟨sin("1 − φ∗

p )⟩: the invariant mass method and the event
plane method, both of which are often used in flow analyses
[3,37].

In the invariant mass method [36,37], the mean value of
the sine term in Eq. (2) was measured as a function of the
invariant mass. Since the ! particles and background cannot be
separated on an event-by-event basis, the observed polarization
signal is the sum of the signal and background:

⟨sin("1 − φ∗
p )⟩obs = (1 − f Bg(Minv))⟨sin("1 − φ∗

p )⟩Sg

+ f Bg(Minv)⟨sin("1 − φ∗
p )⟩Bg, (3)

where f Bg(Minv) is the background fraction at the invariant
massMinv. The term ⟨sin("1 − φ∗

p )⟩Sg is the polarization signal
for ! (!̄), where the term ⟨sin("1 − φ∗

p )⟩Bg is the background
contribution, which is in general expected to be zero, but could
be nonzero, for example, due to misidentification of particles
or errors in track reconstruction. The data were fitted with
Eq. (3) to extract the polarization signal. Since the shape of
the background as a function of invariant mass is unknown,
two assumptions concerning the background contribution were
tested: a linear function over Minv (⟨sin("1 − φ∗

p )⟩Bg = α +
βMinv) and zero background contribution (α = 0, β = 0).
Figure 3 shows the observed ⟨sin("1 − φ∗

p )⟩ as a function of
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(a) and of the (p̄, π+) system for !̄ (b) in the 30–40% centrality bin for
2014 data. Bold solid lines show the background distribution obtained
by a linear fitting function, and dashed lines show the background
from mixed events. Shaded areas show the extracted signal after the
background subtraction using the fitting function.

the TOF detector, like in our previous publication [33]. Charged
pions and protons were selected by requiring the track to
be within three standard deviations (3σ ) from their peaks
in the normalized dE/dx distribution. If the track had TOF
hit information, then a constraint based on the square of the
measured mass was required. If the TOF information was not
available, then an additional cut based on dE/dx was applied,
requiring pions (protons) to be 3σ away from the proton (pion)
peak in the normalized dE/dx distribution.

The invariant mass, Minv, was calculated using candi-
dates for the daughter tracks. To reduce the combinatorial
background, selection criteria based on the following decay
topology parameters were used:

(i) Distance of the closest approach (DCA) between
daughter tracks and the primary vertex,

(ii) DCA between reconstructed trajectories of ! (!̄)
candidates and the primary vertex,

(iii) DCA between two daughter tracks, and
(iv) Decay length of ! (!̄) candidates.

Furthermore ! (!̄) candidates were required to point away
from the primary vertex. Cuts on the decay topology were
adjusted, depending on the collision centrality, to account for
the variation of the combinatorial background with centrality.
The background level relative to the ! (!̄) signal in the ! mass
region falls below 30% at maximum in this analysis. Finally, !
and !̄ with 0.5 < pT < 6 GeV/c and |η| < 1 were analyzed
in this study.

Figure 2 shows the invariant mass distributions for ! and !̄
in the 10–80% centrality bin for 2014 data as an example. The
combinatorial background under the ! peak was estimated
by fitting the off-peak region with a linear function, and by
the event mixing technique [36], shown in Fig. 2 as solid and
dashed lines, respectively.

D. Polarization measurement

As mentioned in Sec. I, the global polarization can be
measured via analysis of the azimuthal distribution of daughter
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protons in the ! rest frame relative to the reaction plane.
As mentioned in Sec. III A, the first-order event plane "1
determined by the spectator fragments was used in this analysis
as an estimator of the reaction plane. The sideward deflection
of the spectators allows us to know the direction of the initial
angular momentum. Taking into account the experimental
resolution of the event plane, the polarization projected onto
the direction of the system global angular momentum can be
obtained by [13]:

PH = 8
παH

〈
sin

(
"obs

1 − φ∗
p

)〉

Res("1)
, (2)

where αH are the decay parameters of ! (α!) and !̄ (α!̄),
α! = −α!̄ = 0.642 ± 0.013 [35]. The angle φ∗

p denotes the
azimuthal angle of the daughter proton in the ! rest frame.
The Res("1) is the resolution of the first-order event plane.
Two different techniques were used to extract the polarization
signal ⟨sin("1 − φ∗

p )⟩: the invariant mass method and the event
plane method, both of which are often used in flow analyses
[3,37].

In the invariant mass method [36,37], the mean value of
the sine term in Eq. (2) was measured as a function of the
invariant mass. Since the ! particles and background cannot be
separated on an event-by-event basis, the observed polarization
signal is the sum of the signal and background:

⟨sin("1 − φ∗
p )⟩obs = (1 − f Bg(Minv))⟨sin("1 − φ∗

p )⟩Sg

+ f Bg(Minv)⟨sin("1 − φ∗
p )⟩Bg, (3)

where f Bg(Minv) is the background fraction at the invariant
massMinv. The term ⟨sin("1 − φ∗

p )⟩Sg is the polarization signal
for ! (!̄), where the term ⟨sin("1 − φ∗

p )⟩Bg is the background
contribution, which is in general expected to be zero, but could
be nonzero, for example, due to misidentification of particles
or errors in track reconstruction. The data were fitted with
Eq. (3) to extract the polarization signal. Since the shape of
the background as a function of invariant mass is unknown,
two assumptions concerning the background contribution were
tested: a linear function over Minv (⟨sin("1 − φ∗

p )⟩Bg = α +
βMinv) and zero background contribution (α = 0, β = 0).
Figure 3 shows the observed ⟨sin("1 − φ∗

p )⟩ as a function of
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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)):

P
meas
⇤ = 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:

0

BB@

$c

Bc/T

1

CCA =

2

664

2
3

P
R

�
f⇤R C⇤R � 1

3f⌃0R C⌃0R
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SR(SR + 1) 2

3

P
R

�
f⇤R C⇤R � 1

3f⌃0R C⌃0R

�
(SR + 1)µR
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3

P

R

�
f⇤R C⇤R � 1

3f⌃
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0
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R
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0
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0
R
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775

�10

BB@

P
meas
⇤

P
meas
⇤

1

CCA .

(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 P
meas
⇤ =

0.0395 and P
meas
⇤

= 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)

CΛR : coefficient of spin transfer from parent R to Λ 
SR   : parent particle’s spin  
fΛR  : fraction of Λ originating from parent R 
μR  : magnetic moment of particle R

15%-20% dilution of primary Λ polarization 
(model-dependent)

S⇤
⇤ = CS⇤

R

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

BECATTINI, KARPENKO, LISA, UPSAL, AND VOLOSHIN PHYSICAL REVIEW C 95, 054902 (2017)

where mp is the proton mass, and !P prim ≡ P
prim
" − P

prim
"

is the difference in polarization of primary " and ". An
(absolute) difference in the polarization of primary "’s of
0.1% then would correspond to a magnetic field of the order of
∼10−2m2

π , well within the range of theoretical estimates [37–
39]. However, we warn that Eq. (35) should not be applied to
experimental measurements without a detailed accounting for
polarized feed-down effects, which are discussed in Sec. VI.

Finally, we note that a small difference between " and
"̄ polarization could also be from the finite baryon chemical
potential making the factor (1 − nF ) in Eq. (21) different for
particles and antiparticles; this Fermi statistics effect might be
relevant only at low collision energies.

V. SPIN ALIGNMENT OF VECTOR MESONS

The global polarization of vector mesons, such as φ or
K∗, can be accessed via the so-called spin alignment [40,41].
Parity is conserved in the strong decays of those particles
and, as a consequence, the daughter particle distribution is the
same for the states Sz = ±1. In fact, it is different for the state
Sz = 0, and this fact can be used to determine a polarization
of the parent particle. By referring to Eq. (13), in the thermal
approach the deviation of the probability for the state Sz = 0
from 1/3, is only of the second order in ϖ :

p0 = 1
1 + 2 cosh ϖc

≈ 1
3 + ϖ 2

c
≈ 1

3

(
1 − ϖ 2

c

/
3
)
, (36)

which could make this measurement difficult. Similarly diffi-
cult will be the detection of the global polarization with the
help of other strong decay channels, e.g., proposed in Ref. [42].

VI. ACCOUNTING FOR DECAYS

According to Eq. (31) [or, in the nonrelativistic limit,
Eqs. (15)–(18)], the polarization of primary " hyperons
provides a measurement of the (comoving) thermal vorticity
and the (comoving) magnetic field of the system that emits
them. However, only a fraction of all detected " and "̄
hyperons are produced directly at the hadronization stage
and are thus primary. Indeed, a large fraction thereof stems
from decays of heavier particles and one should correct
for feed-down from higher-lying resonances when trying to
extract information about the vorticity and the magnetic field
from the measurement of polarization. Particularly, the most
important feed-down channels involve the strong decays of
&∗ → " + π , the electromagnetic decay &0 → " + γ , and
the weak decay ( → " + π .

When polarized particles decay, their daughters are them-
selves polarized because of angular momentum conservation.
The amount of polarization which is inherited by the daughter
particle, or transferred from the parent to the daughter, in
general depends on the momentum of the daughter in the rest
frame of the parent. As long as one is interested in the mean,
momentum-integrated, spin vector in the rest frame, a simple
linear rule applies (see Appendix), that is,

S∗
D = CS∗

P , (37)

TABLE I. Polarization transfer factors C [see Eq. (37)] for
important decays X → "(&)π

Decay C

Parity conserving: 1/2+ → 1/2+ 0− −1/3
Parity conserving: 1/2− → 1/2+ 0− 1
Parity conserving: 3/2+ → 1/2+ 0− 1/3
Parity-conserving: 3/2− → 1/2+ 0− −1/5
(0 → " + π 0 +0.900
(− → " + π− +0.927
&0 → " + γ −1/3

where P is the parent particle, D the daughter, and C a
coefficient whose expression (see Appendix) may or may
not depend on the dynamical amplitudes. In many two-body
decays, the conservation laws constrain the final state to
such an extent that the coefficient C is independent of the
dynamical matrix elements. This happens, e.g., in the strong
decay &∗(1385) → "π and the electromagnetic &0 → "γ
decay, whereas it does not in ( → "π decays, which is a
weak decay.

If the decay products have small momenta compared to
their masses, one would expect that the spin transfer coefficient
C was determined by the usual quantum-mechanical angular
momentum addition rules and Clebsch-Gordan coefficients,
as the spin vector would not change under a change of frame.
Surprisingly, this holds in the relativistic case provided that
the coefficient C is independent of the dynamics, as it is
shown in Appendix. In this case, C is independent of Lorentz
factors β or γ 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 conservation laws fully
constrain it. The polarization transfer coefficients C of several
important baryons decaying to "s are reported in Table I and
their calculation described in detail in Appendix.

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

S∗,meas
" =

∑

R

[
f"RC"R − 1

3
f&0RC&0R

]
S∗

R. (38)

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
Eq. (38), 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 coefficient from the &0 to the daughter
" from the decay &0 → " + γ .

In terms of polarization [see Eq. (15)],

P meas
" = 2

∑

R

[
f"RC"R − 1

3
f&0RC&0R

]
SRPR, (39)

where SR is the spin of the particle R. The sums in Eqs. (38)
and (39) are understood to include terms for the contribution of
primary "s and &0s. These equations are readily extended to
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FIG. 4. (Color online) Global polarization of ! hyperons as a
function of ! pseudorapidity η!. Symbol keys are the same as in
Fig. 3. A constant line fit to these data points yields P! = (2.8 ±
9.6) × 10−3 with χ 2/ndf = 6.5/10 for Au+Au collisions at

√
sNN =

200 GeV (centrality region 20–70%), and P! = (1.9 ± 8.0) × 10−3

with χ 2/ndf = 14.3/10 for Au+Au collisions at
√

sNN = 62.4 GeV
(centrality region 0–80%). Only statistical uncertainties are shown.

Figure 4 presents the ! hyperon global polarization as a
function of ! pseudorapidity η!. The symbol keys for the data
points are the same as in Fig. 3. Note that the scale is different
from the one in Fig. 3. The pt -integrated global polarization
result is dominated by the region p!

t < 3 GeV/c, where the
measurements are consistent with zero (see Fig. 3). The solid
lines in Fig. 4 indicate constant fits to the experimental data:
P! = (2.8 ± 9.6) × 10−3 with χ2/ndf = 6.5/10 for Au+Au
collisions at

√
sNN = 200 GeV (centrality region 20–70%) and

P! = (1.9 ± 8.0) × 10−3 with χ2/ndf = 14.3/10 for Au+Au
collisions at

√
sNN = 62.4 GeV (centrality region 0–80%).

The lines associated with each of the two beam energies are
almost indistinguishable from zero within the resolution of
the plot. The results for the ! hyperon global polarization as
a function of η! within the STAR acceptance are consistent
with zero.

Figure 5 presents the ! hyperon global polarization as a
function of centrality given as a fraction of the total inelastic
hadronic cross section. Within the statistical uncertainties we
observe no centrality dependence of the ! global polarization.

The statistics for !̄ hyperons are smaller than those for !
hyperons by 40% (20%) for Au+Au collisions at

√
sNN =

62.4 (200) GeV. Figures 6, 7, and 8 show the results for the
!̄ hyperon global polarization as a function of !̄ transverse
momentum, pseudorapidity, and centrality (the symbol keys
for the data points are the same as in Figs. 3–5). Again, no
deviation from zero has been observed within statistical errors.
The constant line fits for the !̄ hyperon global polarization give
P!̄ = (1.8 ± 10.8) × 10−3 with χ2/ndf = 5.5/10 for Au+Au
collisions at

√
sNN = 200 GeV (centrality region 20–70%)

and P!̄ = (−17.6 ± 11.1) × 10−3 with χ2/ndf = 8.0/10 for
Au+Au collisions at

√
sNN = 62.4 GeV (centrality region

0–80%).
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FIG. 5. (Color online) Global polarization of ! hyperons as a
function of centrality given as a fraction of the total inelastic hadronic
cross section. Symbol keys are the same as in Fig. 3. Only statistical
uncertainties are shown.

C. Acceptance effects and systematic uncertainties

The derivation of Eq. (3) assumes a perfect reconstruction
acceptance for hyperons. For the case of an imperfect detector,
we similarly consider the average of ⟨sin(φ∗

p − %RP)⟩ but
take into account the fact that the integral over the solid
angle d&∗

p = dφ∗
p sin θ∗

pdθ∗
p of the hyperon decay baryon

three-momentum p∗
p in the hyperon rest frame is affected by

detector acceptance:

⟨sin(φ∗
p − %RP)⟩ =

∫
d&∗

p

4π

dφH

2π
A(pH , p∗

p)
∫ 2π

0

d%RP

2π

× sin(φ∗
p − %RP)[1 + αHPH (pH ; %RP)

× sin θ∗
p sin(φ∗

p − %RP)]. (5)

Here pH is the hyperon three-momentum, and A(pH , p∗
p) is a

function to account for detector acceptance. The integral of this
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FIG. 6. (Color online) Global polarization of !̄ hyperons as a
function of !̄ transverse momentum p!̄

t . Symbol keys are the same
as in Fig. 3. Only statistical uncertainties are shown.
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Au+Au collisions at √sNN = 62.4 and 200 GeV in 2004 
with very limited statistics (~9M events) 

Results are consistent with zero… 
giving an upper limit of PH<2%

GLOBAL POLARIZATION MEASUREMENT IN Au+Au . . . PHYSICAL REVIEW C 76, 024915 (2007)

directed flow is of the same order of magnitude as for
charged particles (!10%), the effect of such interference is
negligible (!1%) in the ! and !̄ hyperon global polarization
measurement [26]. It is possible that because of both the
hyperon reconstruction procedure and the imperfection of the
reaction plane determination, the higher harmonics of hyperon
anisotropic flow (i.e., elliptic flow) will also contribute, but
these are higher order corrections than those from hyperon
directed flow.

To check the analysis code, Monte Carlo simulations with
sizable linear transverse momentum dependence of hyperon
global polarization and hydrodynamic pH

t spectra were per-
formed. Both the sign and magnitude of the reconstructed
polarization agreed with the input values within statistical
uncertainties.

The measurement could be affected by other systematic
effects. Most of them are similar to those present in an
anisotropic flow analysis, with the most significant one coming
from the determination of the event plane vector and its
resolution. In calculating the reaction plane resolution, we
used the random subevent technique [6], as well as the
mixed harmonic method [6,10,27] with the second-order event
plane determined from TPC tracks. The mixed harmonic
method is known to be effective in suppressing a wide
range of nonflow effects (short-range correlations, effects of
momentum conservation [28], etc.).

To suppress the contribution to the global polarization
measurement from nonflow effects (mainly due to momentum
conservation) the combination of both east and west forward
TPC event plane vectors was used. The contribution from
other few-particle correlations (i.e., resonances, jets, etc.) was
estimated by comparing the results obtained from correlations
using positive or negative particles to determine the reaction
plane. Uncertainties related to the dependence of tracking
efficiency (in particular, charged particle and ! (!̄) hyperon
reconstruction efficiency) on azimuthal angle were estimated
by comparing the results obtained with different magnetic
field settings and also with event plane vectors determined
from positively or negatively charged particles. The magnitude
of nonflow correlations is multiplicity dependent, and its
contribution to anisotropic flow measurement increases with
collision centrality. The average uncertainty due to the reaction
plane reconstruction is estimated to be 30%.

All uncertainties discussed in Secs. II A and II C are relative.
Table I summarizes systematic errors in the global polarization
measurement. Although some of the systematic uncertainty
contributions may be expected to be correlated, we have
conservatively combined all contributions by linear summation
to arrive at an upper limit for the total systematic uncertainty.
The overall relative uncertainty in the ! (!̄) hyperon global

TABLE I. Summary of systematic uncertainties of the
! (!̄) global polarization measurement. See Secs. II A
and II C for details.

Source of uncertainty Value

Decay parameter α!,!̄ error 2%
Background, K0

S contamination 8%
Multistrange feed-down 15%
#0 feed-down 30%
PH (φH − %RP) dependence (A2 term) 20%
Reaction plane uncertainty 30%
Hyperon anisotropic flow contribution !1%
Hyperon spin precession !0.1%

Total uncertainty (sum) 105%

polarization measurement due to detector effects is estimated
to be less than a factor of 2.

Taking all these possible correction factors into account
and considering that our measurements are consistent with
zero with statistical error of about 0.01, our results suggest
that the global ! and !̄ polarizations are !0.02 in magnitude.

III. CONCLUSION

The ! and !̄ hyperon global polarization has been
measured in Au+Au collisions at center-of-mass energies√

sNN = 62.4 and 200 GeV with the STAR detector at RHIC.
An upper limit of |P!,!̄| ! 0.02 for the global polarization of
! and !̄ hyperons within the STAR detector acceptance is
obtained. This upper limit is far below the few tens of percent
values discussed in Ref. [1], but it falls within the predicted
region from the more realistic calculations [4] based on the
HTL model.
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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 = kBT
�
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 polarization signal at lower energies! 
- polarization looks to increase in lower energies 
- anti-Λ is systematically larger than Λ

P⇤ ' 1

2

!

T
+

µ⇤B

T

P⇤̄ ' 1

2

!

T
� µ⇤B

T

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

(T=160 MeV)

! = (P⇤ + P⇤̄)kBT/~
⇠ 0.02-0.09 fm�1

⇠ 0.6-2.7⇥ 1022s�1

The most vortical fluid ever observed!

μΛ: Λ magnetic moment 
T: temperature at thermal equilibrium
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Possible probe of magnetic field

 11
Isaac Upsal – Feb. 2017 12

Extracted Physical Parameters

• Significant vorticity signal

– Hints at falling with energy, 
despite increasing Jcollision

– 6σ average for 7.7-39GeV

–  

• Magnetic field

–

– positive value, 2σ average for 
7.7-39GeV

12

PΛprimary
= ω

2T
∼5 %

μN= nuclear magneton 
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µ⇤B
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P⇤̄ ' 1
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!

T
� µ⇤B

T

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

Extracted B-field at freeze-out assuming local thermal equilibrium,  
although it’s consistent with zero.  
Need more data! →BES-Ⅱ and Isobaric collisions

188 L. McLerran, V. Skokov / Nuclear Physics A 929 (2014) 184–190

Fig. 1. Magnetic field for static medium with Ohmic conductivity, σOhm.

The decay of the conductivity owing to expansion of the medium can only decrease the life-
time of the magnetic field and thus will not be considered here. Our simulations are done for
Au–Au collisions at energy

√
s = 200 GeV and fixed impact parameter b= 6 fm. In Fig. 1 we

show time evolution of the magnetic field in the origin x⃗ = 0 as a function of the electric con-
ductivity σOhm. The results show that the lifetime of the strong magnetic field (eB > m2

π ) is not
affected by the conductivity, if one uses realistic values obtained in Ref. [5].

4. Energy dependence

In the previous section, we established that for realistic values of the conductivities the elec-
tromagnetic fields in heavy-ion collisions are almost unmodified by the presence of the medium.
Thus one can safely use the magnetic field generated by the original protons only. This magnetic
field can be approximated as follows

eB(t, x⃗ = 0) = 1
γ

cZ

t2 + (2R/γ )2 , (18)

where Z is the number of protons, R is the radius of the nuclei, γ is the Lorentz factor and, finally,
c is some non-important numerical coefficient. We are interested on the effect of the magnetic
field on the matter, otherwise the magnetic field does not contribute to photon production. Thus
we need to compute the magnetic field at the time tm, characterizing matter formation time.
On the basis of a very general argument, one would expect that tm = aQ− 1

s . Here we assumed
that the Color Glass Condensate (CGC) provides an appropriate description of the early stage
of heavy ion collisions, namely Qs ≪ ΛQCD; in the CGC framework, owing to the presence of
only one dimensional scale, the matter formation time is inversely proportional to the saturation
scale. We also note that if the formation time for a particle is much less than this, the magnetic
field has a correspondingly larger effect, as the magnetic field is biggest at early times. The
phenomenological constraints from photon azimuthal anisotropy at the top RHIC energy demand
tm ≈2R/γRHIC, i.e. a = 2RQRHIC

s /γRHIC. Using this relation, we can estimate the magnitude of

McLerran and Skokov, Nucl. Phys. A929, 184 (2014) 
QM17, I. Upsal (STAR)

B = (P⇤ � P⇤̄)kBT/µN

⇠ 5.0⇥ 1013 [Tesla]

conductivity increases B-lifetime

STAR preliminary
B ⇠ 1013 T

(eB ⇠ MeV2 (⌧ = 0.2 fm))nuclear magneton μN = -0.613μΛ

μΛ: Λ magnetic moment
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Positive signal at √sNN = 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)
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- 5-7σ significance, comparable to the combined result of 7.7-39 GeV

STAR, PRC98, 014910 (2018)
GLOBAL POLARIZATION OF ! HYPERONS IN … PHYSICAL REVIEW C 98, 014910 (2018)

[13] was applied. The measured polarization can be written
as

8
παH

⟨sin("RP − φ∗
p )⟩ = A0

(
pH

T , ηH
)
PH

(
pH

T , ηH
)
, (5)

where A0 is an acceptance correction factor defined as

A0
(
pH

T , ηH
)

= 4
π

⟨sin θ∗
p⟩. (6)

The correction factor A0 was estimated using the experimental
data.

The analysis was performed separately for each data set
taken in different years. As mentioned in Sec. III A, the event
plane resolution slightly differs in each year due to different
detector conditions. Also, for the 2014 data, the tracking
efficiency became worse at low pT because of the HFT. We
confirmed that this additional inefficiency does not affect our
final results. Since the results from the years 2010, 2011, and
2014 were consistent within their uncertainties, we combined
all results for the measured PH to improve the statistical
significance.

IV. RESULTS

Figure 4 presents the global polarization of ! and !̄ as a
function of the collision energy for the 20–50% centrality bin
in Au+Au collisions. The results from this analysis are shown
together with the results from lower collision energies

√
s

NN

= 7.7–62.4 GeV [14]. The 2007 result for
√

s
NN

= 200 GeV
[13] has a large uncertainty and is consistent with zero. Our
new results for

√
s

NN
= 200 GeV with significantly improved

statistical precision reveal nonzero values of the polarization
signal, 0.277 ± 0.040 (stat) ± 0.039

0.049 (sys) [%] and 0.240 ± 0.045
(stat) ± 0.061

0.045 (sys) [%] for ! and !̄, respectively, and are found
to follow the overall trend of the collision energy dependence.
While the energy dependence of the global polarization was not
obvious from the lower energy results, together with the new
200 GeV results, the polarization is found to decrease at higher
collision energy. Calculations for primary ! and all ! taking
into account the effect of feed-down from a 3+1D viscous hy-
drodynamic model vHLLE with the UrQMD initial state [15]
are shown for comparison. The model calculations agree with
the data over a wide range of collision energies, including

√
s

NN

= 200 GeV within the current accuracy of our experimental
measurements. Calculations from a Multi-Phase Transport
(AMPT) model predict slightly higher polarization than the
hydrodynamic model but are also in good agreement with the
data within uncertainties. Neither of the models accounts for
the effect of the magnetic field or predicts significant difference
in ! and !̄ polarization due to any other effect, e.g., nonzero
baryon chemical potential makes the polarization of particles
lower than that of antiparticles, but the effect is expected to
be small [40]. Other theoretical calculations [18,41] such as
a chiral kinetic approach with the quark coalescence model
[42] can also qualitatively reproduce the experimental data.
It should be noted that most of the models calculate the spin
polarization from the local vorticity at the freeze-out hypersur-
face. However, it is not clear when and how the vorticity and
polarization are coupled during the system evolution and how

 [GeV] NNs
10 210

 [%
] 

H
P

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 ! and !̄ as a function of the
collision energy

√
s

NN
for 20–50% centrality Au+Au collisions.

Thin lines show calculations from a 3+1D cascade + viscous
hydrodynamic model (UrQMD+vHLLE) [15] and bold lines show
the AMPT model calculations [16]. In the case of each model, primary
! with and without the feed-down effect are indicated by dashed
and solid lines, respectively. Open boxes and vertical lines show
systematic and statistical uncertainties, respectively. Note that the
data points at 200 GeV and for !̄ are slightly horizontally shifted for
visibility.

much the hadronic rescattering at the later stage affects the spin
polarization.

We also performed differential measurements of the
polarization versus the collision centrality, the hyperon’s
transverse momentum, and the hyperon’s pseudorapidity. The
vorticity of the system is expected to be smaller in more
central collisions because of smaller initial source tilt [8,33]
and/or because the number of spectator nucleons becomes
smaller. Therefore, the initial longitudinal flow velocity, which
would be a source of the initial angular momentum of the
system, becomes less dependent on the transverse direction
[12]. Figure 5 presents the centrality dependence of the
polarization. The polarization of ! and !̄ is found to be larger
in more peripheral collisions, as expected from an increase in
the thermal vorticity [43]. With the given large uncertainties,
it is not clear if the polarization saturates or even starts to drop
off in the most peripheral collisions.

Figure 6 shows the polarization as a function of pT for the
20–60% centrality bin. The polarization dependence on pT is
weak or absent, considering the large uncertainties, which is
consistent with the expectation that the polarization is gener-
ated by a rotation of the system and therefore does not have

014910-7

- Feed-down ~15%-20% reduction of PH (model-dependent) 
   Becattini, Karpenko, Lisa, Upsal, and Voloshin, PRC95.054902 (2017)
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STAR, PRC98, 014910 (2018)

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)

In most central collision → no initial angular momentum 
As expected, the polarization decreases in more central collisions
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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
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The data do not show significant η dependence 
Maybe due to baryon transparency at higher energy 
Also due to event-by-event C.M. fluctuations

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, PRC98, 014910 (2018)

- Shear flow structure/initial flow velocity would be stronger  
  in forward/backward region 
- Expect rapidity dependence of the polarization
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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 hydrodynamic model with 2 initial conditions (ICs) 
- UrQMD IC 
- Glauber with source tilt IC

STAR, PRC98, 014910 (2018)

F. Becattini and I. Karpenko, PRL120.012302, 2018
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Azimuthal angle dependence of PH

✦ Larger polarization in in-plane than in out-of-plane

 16

Ψ-φ
0 0.5 1 1.5

(%
)

HP

0.2−

0

0.2

0.4

0.6 Au+Au 200GeV

20-50%

STAR preliminary

 combinedΛ and Λ

�� 1 [rad]

<PH>

in-plane out-of-plane

out-of-plane

in-plane

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

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

out-of-plane

✦ Opposite to hydrodynamic model! (larger in out-of-plane)



T. Niida, YITP workshop 2019

Λ polarization vs. charge asymmetry?
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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 EE k EB 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
Ex
EJ · EE =

R
Ex[(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
Ex CAEE · EB 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
Ex[CAµ5]EE · EB. These reasonings therefore lead to the following

identification:
Z

Ex
[(Qe)�5]EE · EB =

Z

Ex
[CAµ5]EE · EB (8)

for any auxiliary EE 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]:

EJ5 = �sEB. (9)

It states that an axial current is generated along an external EB 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 EB 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 EB. 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)µEB. The LH quarks/antiquarks
would form an opposite current EJL / �(Qe)µEB but contribute the same as the RH quarks/antiquarks to form together an
axial current along the magnetic field: EJ5 / (Qe)µEB.

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

EJR/L =
EJ ± EJ5

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?

B-field + massless quarks + non-zero μv → axial current J5

Chiral Separation Effect

(spin alignment + spin and momentum in (anti)parallel for RH(LH) quarks)

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

Use charge asymmetry Ach instead of μv
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Slopes of Λ and anti-Λ seem to be different. 
(statistical significance is ~2σ level) 

Possibly a contribution from the axial current?

STAR, PRC98, 014910 (2018)
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Go to the LHC energy
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PH(⇤)[%] = �0.08± 0.10 (stat)± 0.04 (syst)

PH(⇤̄)[%] = 0.05± 0.10 (stat)± 0.03 (syst)

M. Konyushikhin (ALICE), QCD Chirality Workshop 2017
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often simpler in terms of applying necessary corrections for the reaction plane resolution and detector
acceptance. In the case of the azimuthal analysis, the polarization can be calculated as:

PH = � 8
⇡↵H

hsin(�⇤
P
�  RP)i, (5)

⇢00 =
1
3
� 8

3
hcos[2(�⇤

p
�  RP)]i. (6)

For the global polarization, the analysis has to be performed using one of the first harmonic event
planes, with the reaction plane (and correspondingly, the angular momentum) direction to be deter-
mined by the deflection direction of the projectile spectators (which on average deflect outward of the
collision [9]). For the spin alignment measurements it is possible to use the second order event plane
(which typically has much better resolution).

2 Results

The progress in vector spin alignments measurements was presented at this conference in talks by
the STAR and ALICE Collaborations [10, 11]. The uncertainties in these measurements are still
relatively large, and the results are rather inconclusive; below I concentrate on the discussion of the
global polarization results.

Figure 3 shows a compilation of published[3, 12] and presented at this conference [10, 11] results
on the average global polarization of lambda and anti-lambda hyperons at mid-rapidity in mid-central
collisions as a function of collision energy. The blue solid and dashed lines are the results of hydro-
dynamic calculation [7, 13], with and without accounting for the hyperon feed-down contribution,
respectively. The procedure for the feed-down correction is outlined in [6] with Eq. 1 used for an esti-
mate of the polarization of the higher spin resonances. Note that the e↵ect of the feed-down correction
is rather modest – at the level of ⇠ 15%.
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Figure 3. Average global polarization of lambda hyperons as a function of collision energy. Boxes indicate the
systematic uncertainties.
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⟨px⟩(η) ≡ ⟨pT v1(pT , η)⟩ can be directly related to that
of v1(η) (see Appendix). Away from midrapidity, even
in symmetric collisions, the initial density distribution
becomes asymmetric. This leads to an additional con-
tribution to anisotropic flow, interpreted either as shad-
owing [13], or due to the difference in density gradients
in different directions within the transverse plane [14].
The first harmonic term, often called dipole flow after
a dipole-like density asymmetry, contributes to directed
flow. The sign of the dipole flow contribution is simi-
lar to that of “tilted source”. However the significant
difference between the two is that the contribution to
⟨px⟩ from dipole flow is zero [15]. This fact can be used
to disentangle the relative contributions to directed flow
from the “tilted source” and initial density asymmetries.
The condition ⟨px⟩dipole = 0 also leads to a characteristic
vdipole1 (pT ) shape which crosses zero at pT ∼ ⟨pT ⟩ [15].
The fluctuations in the initial density distribution, in

particular those leading to a dipole asymmetry in the
transverse plane, lead to non-zero directed flow even at
midrapidity [15]. The direction (azimuthal angle) of the
initial dipole asymmetry, Ψdipole

1 , determines the direc-

tion of flow. In a leading approximation, Ψdipole
1 can

be given by Ψ1,3 = arctan(⟨r3 sinφ⟩/⟨r3 cosφ⟩) + π [15]
where r and φ are the polar coordinates and a weighted
average is taken over the overlap region of two nuclei,
with the weight being the energy or entropy density.
The participant plane Ψ1,3 points in the direction of the
largest density gradient. Higher pT particles tend to be
emitted in this direction, while lower pT particles are
emitted in the opposite direction to balance the momen-
tum in the system. The sign of the average contribu-
tion to v1 is determined by the low pT particles. Very
schematically, the modification to v1(η) for a particular
fluctuation leading to positive dipole flow is shown in
Fig. 1(b).
The fluctuations in the number of participating nucle-

ons (quarks) in the projectile and target nuclei also lead
to the change in rapidity of the “fireball” center-of-mass.
In this case, the overall shape of v1(η) is unchanged, but
is shifted to the direction of rapidity where more partic-
ipants move, as schematically indicated in Fig. 1(c).
Finally, we note that the tilt itself can also fluctuate.

The fluctuation part of dipole flow is expected to depend
weakly on pseudorapidity; as it originates in fluctuations
it might have finite range in pseudorapidity. Dipole flow
is found to be less sensitive to the shear viscosity over
entropy η/s [16] than v2 and v3, therefore it provides a
better constraint on the geometry and fluctuations of the
system in the initial state.
In Pb+Pb and Au+Au collisions the initial dipole-like

asymmetry in the density distribution at midrapidity is
caused purely by the fluctuations, while Cu+Au colli-
sions have an intrinsic density asymmetry due to the
asymmetric size of colliding nuclei. In addition to the
directed flow of the “tilted source” (Fig. 1(a)), one might
expect the dipole flow to be produced by the asymmet-
ric density gradient (Fig. 1(b)) and the center-of-mass

shift in asymmetric collisions (Fig. 1(c)). Therefore it
is of great interest to study the different components of
directed flow in Cu+Au collisions to improve our under-
standing of the role of gradients in the initial density
distributions and the hydrodynamic response to such an
initial state.
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FIG. 1. (Color online) Cartoon illustrating different contri-
butions to the directed flow and their effect on v1(η) depen-
dence. Panel (a) shows the effect of the “tilted source”, while
panels (b) and (c) include additional effects of asymmetric
density distribution and asymmetry in size of colliding nuclei.
In panels (b) and (c), the dashed lines represent the effect of
the “tilted source” only and the solid lines represent the two
effects combined.

Experimentally, the directed flow is often studied with
the first harmonic event plane determined by the spec-
tator neutrons [17–19]. By combining the measurements
relative to the projectile, Ψp

SP, and target, Ψt
SP, spectator

planes, the ALICE Collaboration reported the rapidity-
odd and even components of directed flow in Pb+Pb col-
lisions at

√
sNN = 2.76 TeV [20]:

v1 = vodd1 + veven1 , (1)

vodd1 = (v1{Ψp
SP}− v1{Ψt

SP})/2, (2)

veven1 = (v1{Ψp
SP}+ v1{Ψt

SP})/2. (3)

Note that the “projectile” spectators define the forward
direction and ⟨cos(Ψp

SP − Ψt
SP)⟩ < 0. Since the target

spectator plane Ψt
SP points out the opposite direction

A similar energy dependence of dv1/dy to the polarization!

- Vorticity is likely related to the directed flow. 
- The tilted source accounting for vorticity provides  
  a better description of v1!

S. Voloshin, sQM2017 proceedings
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the Riemann problems at cell interfaces [30]. It is therefore
important to check whether the code is not introducing, for
a given resolution, numerical errors which are larger than
the effects induced by the physics. We refer to the global
numerical errors generically as numerical viscosity.

We have thus calculated the T -vorticity for different physi-
cal viscosities (in fact η/s ratios), in order to provide an upper
bound for the numerical viscosity of ECHO-QGP in the ideal
mode. The mean value of the T -vorticity is shown in Fig. 5
and its extrapolation to zero occurs when |η/s| ! 0.002
which is a very satisfactory value, comparable with the one
obtained in Ref. [4]. The good performance is due to the use
of high-order reconstruction methods that are able to com-
pensate for the highly diffusive two-wave Riemann solver
employed [3].

5 Directed flow, angular momentum, and thermal
vorticity

With the initial conditions reported at the end of Sect. 3
we have calculated the directed flow of pions (both charged

Fig. 5 Mean of the absolute values of "µν/T 2 components at
the freeze-out hypersurface as a function of η/s. Note that the
"xη,"yη,"τη have been multiplied by 1/τ . Upper panel log scale.
Lower panel magnification of the region around zero viscosity

states) at the freeze-out and compared it with the STAR data
for charged particles collected in the centrality interval 40–
80 % [22]. Directed flow is an important observable for sev-
eral reasons. Recently, it has been studied at lower energy [31]
with a hybrid fluid-transport model (see also Ref. [32]). At√
sNN = 200 GeV, it has been calculated with an ideal 3+ 1

D hydro code first by Bozek and Wyskiel [18]. Herein, we
extend the calculation to the viscous regime.

The amount of generated directed flow at the freeze-out
depends, of course, on the initial conditions, particularly on
the parameter ηm (see Sect. 3), as shown in Fig. 6. The
directed flow also depends on η/s as shown in Fig. 7 and
could then be used to measure the viscosity of the QCD
plasma along with other azimuthal anisotropy coefficients.
It should be pointed out that, apparently, the directed flow
can be reproduced by our hydrodynamical calculation only
for −3 < y < 3.

The dependence of v1(y) on ηm and η/s makes it possible
to adjust the ηm parameter for a given η/s value. This adjust-
ment cannot be properly called a precision fit because, as
we have mentioned in the Introduction, several effects in the

Fig. 6 Directed flow of pions for different values of ηm parameter with
η/s = 0.1 compared with STAR data [22]

Fig. 7 Directed flow of pions for different values of η/s with ηm = 2.0
compared with STAR data [22]
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Polarization along the beam direction
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Stronger flow in in-plane than in out-of-plane 
could make local polarization along beam axis!

Longitudinal component, Pz, can be expressed with <cosθp*>. 
<(cosθp*)2> accounts for an acceptance effect

(if perfect detector)

dN

d⌦⇤ =
1

4⇡
(1 + ↵HPH · p⇤

p)

hcos ✓⇤pi =
Z

dN

d⌦⇤ cos ✓⇤pd⌦
⇤

= ↵HPzh(cos ✓⇤p)2i

) Pz =
hcos ✓⇤pi

↵Hh(cos ✓⇤p)2i

=
3hcos ✓⇤pi

↵H

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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Sine structure as expected from the elliptic flow!

- Effect of Ψ2 resolution is not corrected here

S. Voloshin, SQM2017

STAR Preliminary
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Opposite sign to hydrodynamic model and a transport 
model (AMPT) 

   - Hydro model: F. Becattini and I. Karpenko, PRL.120.012302 (2018) 
   - AMPT model: X. Xia, H. Li, Z. Tang, Q. Wang, arXiv:1803.0086
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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:

Sz
(pT , 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
= Sz

). 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 pT 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, pT integrated value of f2 stays around 0.2% at

all collision energies, owing to two compensating e↵ects:

decreasing pT di↵erential f2(pT ) and increasing mean pT
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)

in-plane

out-of-plane

px [GeV/c]

p y
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Strong centrality dependence as in v2 
Similar magnitude to the global polarization 
~5 times smaller magnitude than the hydro 
and AMPT with the opposite sign!

<pT> of Λ ~1.4 GeV/c 
(0.5<pT<6 GeV/c)

In principle, the longitudinal polarization of Λ hyperons
can be measured in a similar fashion as for the component
perpendicular to the reaction plane, i.e., by studying the
distribution of p!z, which is the longitudinal component of
the momentum of the decay proton in the Λ rest frame,
according to the formula

dN
dΩ

¼ 1

4π
ð1 þ αP! · p̂!Þ; ð14Þ

where α ¼ 0.642 is the known Λ weak decay constant. For
Λ at midrapidity, both the longitudinal polarization com-
ponent and the proton p!z are the same as in the quark-
gluon plasma (QGP) frame, so the longitudinal momentum
distribution of the decay proton is a direct probe of the
mean spin vector in the QGP frame; for the general case, a
boost must be performed, but the method is basically the
same. Hence, at Y ¼ 0, the average sign of the pz will
follow the pattern shown in Fig. 2 for Sz, as a function of
the azimuthal angle with respect to the reaction plane, with
a leading behavior sin 2φ. The probability Ps that the decay
proton has a sign s reads:

Ps ¼
1

2
þ sα

4
P!z;

so that the mean sign is just ðα=4ÞP!z.
In summary, we have shown that local thermodynamic

equilibrium of the spin degrees of freedom and the hydro-
dynamic model predict a global pattern of polarization
along the beam line in relativistic heavy-ion collisions at
very high energy even in a minimal scenario of longitudinal
boost invariance, ideal fluid, and no initial state fluctua-
tions. We have shown that the polarization component
along the beam line has a typical quadrupole structure of pT
dependence similar to elliptic flow, by virtue of which the
identification of the orientation of the reaction plane is not

necessary. Its measurement is a crucial test of the hydro-
dynamic model and of its initial conditions and can provide
important and unique information about the temperature
gradient at the decoupling stage, when the QGP hadronizes
around the critical temperature. Calculations in a realistic
implementation of the hydrodynamic model indicate that
its value is within the current reach of the experiments at
RHIC and LHC energies.

We are very grateful to S. Voloshin for illuminating
discussions and clarifications. This work was partly sup-
ported by the University of Florence grant Fisica dei plasmi
relativistici: teoria e applicazioni moderne.
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Sign problem in Pz
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Opposite sign to hydrodynamic model and AMPT model 
- F. Becattini and I. Karpenko, PRL.120.012302 (2018) 
3D viscous hydrodynamic model with UrQMD initial condition  
assuming a local thermal equilibrium 

- AMPT: X. Xia, H. Li, Z. Tang, Q. Wang, PRC98.024905 (2018) 

Same sign as chiral kinetic approach 
- Y. Sun and C.-M. Ko, arXiv:1810.10359 
- Assuming non-equilibrium of spin degree of freedom 
- Smaller quark scattering cross section changes the sign 

-
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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:

Sz
(pT , Y = 0) = �

dT/d⌧

4mT

@
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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
= Sz

). 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 pT 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, pT integrated value of f2 stays around 0.2% at

all collision energies, owing to two compensating e↵ects:

decreasing pT di↵erential f2(pT ) and increasing mean pT
with increasing collision energy.

In principle, the longitudinal polarization of ⇤ hyper-

ons can be measured in a similar fashion as for the compo-
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FIG. 5. The average polarizations hPx · sign(Y )i, hPy · sign(Y )i and hPzi for ⇤ as functions of azimuthal angle �p in 20-50%
central Au+Au collisions at 200 GeV (left) and Pb+Pb collisions at 2760 GeV (right).

Fig. 5 shows the results of hPx · sign(Y )i, hPy · sign(Y )i
and hPzi for the ⇤ hyperons as functions of azimuthal
angle �p in 20-50% central Au+Au collisions at 200 GeV
and Pb+Pb collisions at 2760 GeV, where the whole
range of �p is divided into 24 bins. We can see that the
shapes of hPx · sign(Y )i, hPy · sign(Y )i and hPzi are in
analogy to sin�p, � cos�p and � sin(2�p) respectively,
as described by Eq. (12). The features of three quan-
tities at two collisional energies are quite similar. We
have also checked that the harmonic behaviors also ex-
ist at energies 7.7-62.4 GeV. It is worthwhile to point
that although the global polarization PG

x and PG
z are

zero due to the symmetry and PG
y is almost vanishing atp

sNN = 200 GeV [18] and 2760 GeV [37] due to the rea-
son given in the above paragraph, the local polarization
quantities hPx · signY i, hPy · signY i and hPzi are all non-
vanishing. We also see the magnitudes of hPx · sign(Y )i
and hPy · sign(Y )i (around 10%) are larger than that of
hPzi (around 1%). Our result for hPzi is consistent with
the viscous hydrodynamic simulations [33].

The Fourier coe�cients Fx, Fy and Fz in Eq. (12) can
be extracted from the magnitude of the harmonic behav-
ior in Fig. 5,

Fx = 2hPx · sign(Y ) sin�pi,
Fy = �2hPy · sign(Y ) cos�pi,
Fz = �2hPz · sin(2�p)i, (14)

where the averages are taken over 24 bins of the az-
imuthal angle. The results are shown in Fig. 6 as func-
tions of the centrality at

p
sNN = 200 GeV for Au+Au

and 2760 GeV for Pb+Pb collisions. The features of
these coe�cients are quite similar at two energies. We
see that Fx and Fy are at the same magnitude which
is larger than Fz. We also see that in the most central
collisions Fx and Fy are non-vanishing, while Fz is al-
most zero. This di↵erence can be understood by the fact
that Fz arises from the elliptic flow which does not exist
in central collisions while Fx and Fy are generated from
the violation of the longitudinal boost invariance which
exists in both central and non-central collisions.

V. SUMMARY

We give a systematic analysis on the vorticity struc-
ture and the distribution of ⇤ polarization in heavy-ion
collisions. We find that there are two contributions to
the vorticity field: one is from the OAM along the �y
direction giving the global polarization; another is from
the non-uniform expansion of the fireball, which leads to
a circular structure for the transverse vorticity !? and
a quadrupole pattern for the longitudinal vorticity !z in
the transverse plane. The space distribution of the vor-
ticity field can be probed by the local ⇤ polarization as
a function of the azimuthal angle �p and the rapidity Y
in momentum space, which is expected to have harmonic
behaviors as in Eq. (12).
For the numerical calculation of the local ⇤ polariza-

tion, we use the string-melting version of the AMPT
model. We run the simulations of Au+Au collisions at

AMPT, Au+Au 200 GeV 20-50%

4

FIG. 3: (Color online) Time evolution of average longitudinal
spin polarization of midrapidity quarks with momenta satis-
fying pxpy > 0.

the expectation discussed in Sec. II. Its final magnitude
is also of the order of 10−2.
Since ωz is along the negative z direction in the region

xy > 0, it leads to a longitudinal spin polarization in the
negative z direction for quarks of momenta pxpy > 0, as
shown by the green dash-dotted line in Fig. 3. However,
its magnitude is only of the order of 10−3 and slowly
increases with time.
Including all components of the vorticity field, which

is shown by the black solid line in Fig. 3, we find that the
total longitudinal spin polarization of quarks of momenta
pxpy > 0 is initially along the negative z direction, as a
result of the larger effect of ωy than that of ωx. After
about 2.5 fm/c, the effect of ωx becomes more important
than that of ωy, and this makes the longitudinal spin
polarization of these quarks less negative. Finally, the
sign of the longitudinal polarization is along the positive
z direction after 5 fm/c when the effect of ωx dominates
over the combined effects of ωy and ωz.

C. Rapidity dependence of longitudinal spin
polarization

In Fig. 4, we show the longitudinal spin polarization of
quarks as a function of the azimuthal angle in the trans-
verse plane of heavy ion collisions for different rapidity
ranges. It is seen that the longitudinal spin polariza-
tion indeed has a quadrupole pattern and is positive for
quarks pxpy > 0, which has the same pattern and similar
magnitude as those of Λ hyperons measured in experi-
ments [22], and differs from the longitudinal polarization
calculated from ωz by assuming local thermal equilib-

FIG. 4: (Color online) Average longitudinal spin polarization
of quarks as a function of azimuthal angle φp for different
rapidity ranges.

rium of the spin degrees of freedom. Furthermore, the
amplitude of the azimuthal dependence, which can be
expressed as sin(2φp), is larger for the larger rapidity,
and this is due to the larger values of longitudinal and
transverse vorticities at larger η [11, 15].
We also show the longitudinal spin polarization of

strange quarks in Fig. 5, which is expected to be almost
identical to that of Λ hyperons [1, 19, 30]. It is seen
that the amplitude of the azimuthal angle dependence
of the longitudinal spin polarization of strange quarks is
smaller than that of light quarks, but is still comparable
to the experimental results [22]. The reason for this is
because of the mass effect in the chiral kinetic approach
and the different spatial and temporal distributions be-
tween initial strange and light quarks from the AMPT
model.
We further find that with a smaller quark cross sec-

tion, the longitudinal spin polarization of quarks would
decrease and can even change the overall sign of the
quadrupole pattern of the longitudinal spin polarization.
This thus indicates that taking into account the non-
equilibrium effect, which is included in the chiral kinetic
approach, is important for understanding the local spin
polarization of quarks and thus Λ hyperons.

V. SUMMARY

Using the chiral kinetic approach, which takes into
account the axial charge redistribution in the vorticity
field, with initial quark phase-space distributions taken
from the AMPT model, we have studied the effect of
the transverse components of local vorticity field on the
longitudinal spin polarization of quarks. We have found
that the longitudinal spin polarization of quarks depends
not only on the longitudinal component of the vorticity

Hydrodynamic model

chiral kinetic approach

in-plane

out-of-plane

σ =10 mb

Suggest incomplete thermal equilibrium of spin degree of freedom  
as it develops later in time unlike the global polarization?
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Contributions to Pz in hydro
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What causes transverse and longitudinal components of polarization?
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Pz dominated by temperature gradient and relativistic term, 
but not by kinematic vorticity based on the hydro model. 

How small is the kinematic vorticity?  
Can we estimate it with the blast-wave model?

What causes transverse and longitudinal components of polarization?
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Blast-wave model
• Hydro inspired model parameterized with freeze-out condition 

assuming the longitudinal boost invariance 
- Freeze-out temperature Tf 
- Radial flow rapidity ρ0 and its modulation ρ2 

- Source size Rx and Ry
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rameters, it is clearly a toy model with little predictive
power. However, the goal is to see whether a consistent de-
scription of the data from the soft sector at RHIC is possible
within a simple boost-invariant model with transverse collec-
tive flow. If this turns out to be the case, then it is worthwhile
considering that the parameter values indeed characterize the
size, shape, time scales, temperature, and flow strengths of
the freeze-out configuration. A consistent parametrization in
terms of such physical quantities represents a true step for-
ward and provides valuable feedback to theorists construct-
ing physical models of the collision.

B. Parameters and quantities in the blast wave

The eight parameters of the blast-wave parametrization
described in this paper are T , !0 , !2 , Ry , Rx , as , "0, and
#"; their physical meaning is given below.
The freeze-out distribution is infinite in the beam !z" di-

rection and elliptical in the transverse !x-y" plane. (The x-z
plane is the reaction plane.) The transverse shape is con-
trolled by the radii Ry and Rx, and the spatial weighting of
source elements is given by

$!r,%s" =$!r̃" =
1

1 + e!r̃−1"/as
, !1"

where a fixed value of the “normalized elliptical radius,”

r̃!r,%s" #$%r cos!%s"&2

Rx
2 +

%r sin!%s"&2

Ry
2 , !2"

corresponds to a given elliptical subshell within the solid
volume of the freeze-out distribution.
The parameter as corresponds to a surface diffuseness of

the emission source. As shown in Fig. 1, a hard edge (“box
profile”) may be assumed by setting as=0, while the density

profile approximates a Gaussian shape for as'0.3.
It should be noted that the weighting function $!r ,%s" is

not, in general, the source density distribution. In particular,
as we discuss especially in Secs. III C and III D, nonzero
collective flow induces space-momentum correlations which
dominate the spatial source density distributions. Only for a
system without flow (!0=!2=0; see below) is the source dis-
tribution given by $, so that, e.g., for as=0, there is a uni-
form density of sources !d2N /dxdy=const" inside the ellipse
defined by Ry and Rx, and no sources outside.
The momentum spectrum of particles emitted from a

source element at !x ,y ,z" is given by a fixed temperature T
describing the thermal kinetic motion, boosted by a trans-
verse rapidity !!x ,y". This is common in models of this type.
However, unlike transversely isotropic parametrizations, the
azimuthal direction of the boost (denoted %b) is not neces-
sarily identical to the spatial azimuthal angle %s=tan−1!y /x".
Instead, in our model, the boost is perpendicular to the ellip-
tical subshell on which the source element is found; see Fig.
2. We believe this to be a more natural extension of an “out-
ward” boost for nonisotropic source distributions than that
used by Heinz and Wong [41], who used an anisotropic
shape but always assumed radial boost direction !%b=%s". It
may be shown that, for our model,

tan!%s" = (RyRx)
2
tan!%b" . !3"

Hydrodynamical calculations for central collisions (i.e.,
azimuthally isotropic freezeout distribution) suggest that the
flow rapidity boost depends linearly on the freeze-out radius
[24]. We assume a similar scenario, but in our more gener-
alized parametrization, the boost strength depends linearly
on the normalized elliptical radius r̃ defined in Eq. (2). Thus,
in the absence of an azimuthal dependence of the flow (to be
introduced shortly), all source elements on the outer edge of
the source boost with the same (maximum) transverse rapid-
ity !0 in an “outward” direction.
In noncentral collisions, the strength of the flow boost

itself may depend on azimuthal angle, as suggested by

FIG. 1. (Color online) The source weighting function $ as a
function of the normalized elliptical radius r̃ for several values of
the surface diffuseness parameter as.

FIG. 2. Schematic illustration of an elliptical subshell of the
source. Here, the source is extended out of the reaction plane
!Ry& Rx". Arrows represent the direction and magnitude of the flow
boost. In this example, !2& 0 [see Eq. (4)].

OBSERVABLE IMPLICATIONS OF 1GEOMETRICAL AND… PHYSICAL REVIEW C 70, 044907 (2004)

044907-3

F. Retiere and M. Lisa, PRC70.044907 (2004)
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• Calculate vorticity at the freeze-out using the parameters  
extracted from spectra, v2, and HBT fit 
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FIG. 3. (Color online) The second Fourier sine coefficient of
the longitudinal polarization of Λ and Λ̄ hyperons as a func-
tion of pT for 20%-60% centrality bin in Au+Au collisions at√
sNN = 200 GeV. Open boxes show the systematic uncer-

tainties. Magenta dashed line shows the hydrodynamic model
calculation [14] scaled by 0.2. Solid and dot-dashed lines with
the bands shows the blast-wave model calculations.

In order to estimate the contribution from the kine-244

matic vorticity, we employed the blast-wave model245

(BW) [28–30]. Following [30] we parameterize the system246

velocity field at freeze-out with temperature T and maxi-247

mal radial expansion rapidity ρ0 and its azimuthal modu-248

lation ρ2 (ρ = r̃[ρ0+ρ2 cos(2φs)] with r̃ being the relative249

distance to the edge of the source). The source is assumed250

to be elliptical in the transverse plane parametrized by251

Ry and Rx radii. Boost invariance is assumed. Two fits252

to the data are performed: in one only spectra and el-253

liptic flow are fit; the second fit [31] also includes the254

HBT radii dependence on the azimuthal angle. The av-255

erage longitudinal vorticity is calculated according to the256

following formula:257

⟨ωz sin(2φ)⟩ =
∫
dφs

∫
rdr I2(αt)K1(βt)ωz sin(2φb)∫
dφs

∫
rdr I0(αt)K1(βt)

(5)258

ωz =
1

2

(
∂uy

∂x
− ∂ux

∂y

)
, (6)259

where the integration is over the transverse cross-260

sectional area of the source, uµ is a four-vector of the261

local flow velocity [30], φs is the azimuth of the produc-262

tion point, φb defines the direction of the local velocity,263

αt = pT /T sinh ρ, βt = mT /T cosh ρ; In and K1 are264

the modified Bessel functions. Assuming a local thermal265

equilibrium, the longitudinal component of the polariza-266

tion is estimated as Pz ≈ ωz/(2T ). See Ref. [32] for more267

details.268

The BW calculations are compared to the data in269

Figs. 2 and 3. In central to mid-central collisions, the270

both BW calculations show a positive sine modulation271

as observed in the data and their magnitudes are com-272

parable to the data, although the BW model is based on273

a very simple picture of the freeze-out condition. It was274

shown in Ref. [13] that the vorticity in the BW model has275

the effects of the velocity field anisotropy (ρ2/ρ0) and the276

spacial source anisotropy (Ry/Rx) contributing with op-277

posite signs, which can explain a strong sensitivity of the278

BW model predictions in the peripheral collisions to the279

detail of the fit – including the HBT radii or not.280

In conclusions, we have presented the first measure-281

ments of longitudinal component of the polarization for282

Λ and Λ̄ hyperons in Au+Au collisions at
√
sNN = 200283

GeV. Finite signals of a quadrupole modulation of both284

Λ and Λ̄ polarization along the beam direction was ob-285

served and qualitatively consistent with the expectation286

from the vorticity component along the beam direction287

due to the elliptic flow. Results exhibit a strong cen-288

trality dependence with magnitude increasing in more289

peripheral collisions. No significant pT dependence is ob-290

served above pT > 1 GeV/c and a hint of drop-off at291

pT < 1 GeV/c. The data were compared to the hydro-292

dynamic model and AMPT model, both of which show293

the opposite phase of the modulation and over predict294

the magnitude of the polarization. This might indicate295

incomplete thermal equilibration of the angular degrees296

of freedom for the beam direction component of the vor-297

ticity/polarization, as it develops later in time compared298

to the global polarization. On the other hand the blast-299

wave model calculations are much closer to the data, in300

particular if in the BW model fit one includes the az-301

imuthally sensitive HBT results along with pT spectra302

and v2. The blast-wave model predicts the correct phase303

of Pz modulation and a similar pT dependence; the ver-304

sion with HBT radii included in the fit also reasonablely305

describe the centrality dependence. These results provide306

the information on the role of the vorticity in heavy-ion307

collisions. Further theoretical and experimental studies308

are needed for better understanding.309
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ωz and Pz from the BW model
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e.g. Blast-wave fit to spectra and v2

Data: 
PHENIX, PRC69.034909 (2004)
PHENIX, PRC93.051902(R) (2016)
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Calculated vorticity ωz shows the sine modulation. Assuming a local thermal equilibrium,  
z-component of polarization is estimated as follows:
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Pz modulation from the BW model
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Summary

 29

 Observation of positive Λ global polarization at √sNN = 7.7-62.4 GeV, and later at 200 GeV 

 Indicating the thermal vorticity of the system in HIC ω ~1022 s-1 (T=160 MeV)
 Polarization decreases at higher energies, and
 Larger signal in more peripheral collisions but no significant dependence on pT 
→ Quantitatively consistent with hydrodynamic and AMPT models
 Larger signal in in-plane than in out-of-plane  
→ Disagree with hydrodynamic model
 Charge-asymmetry dependence (~2σ level) in the polarization  
→ A possible relation to the axial current induced by B-field

Λ polarization along the beam direction at √sNN = 200 GeV 
 Quadrupole structure relative to the 2nd-order event plane, as expected from the elliptic flow  
→ Qualitatively consistent with a picture of the elliptic flow but agree/disagree among the 
data and theoretical calculations in the sign 
 Strong centrality dependence as in the elliptic flow 
 The blast-wave model predicts the same sign and similar magnitude to the data
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Outlook
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Crucial Test of CME — Isobaric Collisions
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IV. SPIN POLARIZATION OF HYPERONS

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

p
s = 7.7 to

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

error bars, our numerical result is consistent with the experi-
mental data except for 7.7 GeV where the data for ⇤̄ is very
large. We do not take into account the possible feed-down
contributions to the global polarization; the previous estimate
showed that including such contributions will suppress the ⇤
and ⇤̄ polarization by about 10 � 20% [5, 48, 53–55]. Com-
paring to Fig. 1, we emphasize that the energy dependence of
Py is consistent with that of $zx. We also depict the pT and
rapidity Y dependence of the global polarization and compare
to the experimental data in Fig. 7. The results show different
patterns as those simulated in Ref. [56]. The rapidity depen-
dence is qualitatively consistent with the spacetime-rapidity
dependence of fluid vorticity [17]. Within error bars, consis-
tence between the data [6] and our simulation is seen.

10 100

0

2

4

6

P
y (

%
)

Au+Au 20-50%

√sNN (GeV)

 Λ & Λ
 Ξ0

 Ω-

|Y| < 1

FIG. 6. (Color online) (Left) The averaged ⇤ and ⇤̄ spin polarization
along y direction in 20-50% centrality range of Au+Au collisions as
a function of collision energy. The rapidity window for ⇤ and ⇤̄ is
|Y | < 1. Open points: STAR data [5, 6]. Red solid points: this work.
(Right) The spin polarization Py for ⌅0 and ⌦�. Other parameters
are the same as the left panel.

In Fig. 6 (right) we draw the spin polarization of ⌅0 and
⌦� for Au+Au collisions in 20 - 50% centrality range and ra-
pidity window |Y | < 1 . The results are similar with that of
⇤ and ⇤̄ and can be understood by noticing the mass ordering
and spin ordering among ⇤, ⌅0, and ⌦�: m⇤ < m⌅0 < m⌦�

and spin(⌦�) = 3/2, spin(⌅0) = spin(⇤) = 1/2. Accord-
ing to Eq. (4) and Eq. (6), lighter and higher-spin particles
are easier to be polarized by the fluid vorticity. The study of
⌅0 and ⌦� polarization may also provide useful information
for the understanding of the magnetic field contribution to the
spin polarization of hadrons. This is because that the valence
quark contents of ⇤, ⌅0, and ⌦� are uds, uss, and sss, re-
spectively, and their magnetic moments are all dominated by
strange quarks, µ⇤ ⇡ µs, µ⌅0 ⇡ 2µs, and µ⌦� ⇡ 3µs. As

µs ⇡ �0.613µN < 0, the magnetic field (which is roughly
along the same direction as the OAM) will give a negative
contribution to the spin polarization and thus will reduce the
polarization spitting among ⇤, ⌅0, and ⌦� or even violate the
polarization ordering as shown in Fig. 6 (right) which does not
contain any magnetic field contribution.

FIG. 7. (Color online) The pT and rapidity dependence of the global
polarization at different collision energies. Open points: STAR
data [6]. Dotted lines: this work.

Next, we study the final-state ⇤ and ⇤̄ spin response to the
vortical quadrupole in the partonic phase as shown in Fig. 5.
In Fig. 8, we show the distribution of event-averaged Py for
⇤ and ⇤̄ in the rapidity-azimuth (Y -�) plane for Au + Au
collisions at 19.6 and 200 GeV and centrality 20-50%. Corre-
sponding to Fig. 5 in coordinate space, the quadrupole in Py

in momentum space is also clearly seen in Fig. 8. If we focus
on the mid-rapidity region, e.g., |Y | < 1, where the global
OAM contribution could dominate, we find that Py increases
from the in-plane direction to the out-of-plane direction, as
shown in Fig. 9 which is, however, opposite to the experimen-
tal data. We note that similar opposite-to-experiment behav-
ior of Py was also seen in the hydrodynamic simulation [57].
This discrepancy between theoretical calculations and exper-
imental data is very puzzling. One issue that may affect the
azimuthal dependence is that the spin polarization along the
out-of-plane direction may be quenched by the hot medium
which is not taken into account in the theoretical calculations.
We will in future works study this puzzle.

FIG. 8. (Color online) The rapidity-azimuth distribution of the event-
averaged spin polarization of ⇤ and ⇤̄ for Au + Au collisions at 20-
50% centrality range at 19.6 and 200 GeV, respectively.

D.-X. Wei et al., arXiv:1810.00151

 Isobar collision data (Ru+Ru, Zr+Zr) already taken in 2018! 
 Same mass number but different number of protons  
→10% difference in the magnetic field  
→More PH splitting btw Λ and anti-Λ in Ru?

 New 27 GeV data taken in 2018! (x10 events with ~1.5 better EP resolution)
 Possible probe of the magnetic field from Λ vs anti-Λ global polarization

 Beam Energy Scan Ⅱ (2019+) with STAR detector upgrade
 x10 events for √sNN = 7.7-19.6 GeV (collider mode) + √sNN = 3-7.7 GeV (Fixed target)
 How about at forward/backward rapidity? How about for multi-strangeness?
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Effect of non-zero chemical potential
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R. Fang, L. Pang, Q. Wang, and X. Wang, PRC94, 024904 (2016)
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Figure 3: The integrated polarization per particle Π(x)/ρ(x) for fermions (a) and anti-fermions (b) in the unit of the local
vorticity !ω as functions of βm and βµ.
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Figure 4: The ratio R of the integrated polarization per particle in Eq. (56) for fermions to anti-fermions. (a) R as a function
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are shown in Fig. 4. In the left panel we show R as a function of βm and βµ, while in the right panel we show R at
three values of βµ as functions of βm. The dependences of Π(x)/ρ(x) on βm and βµ are similar to Π(x,p)/ρ(x,p)
on βEp and βµ, but the variation in the values of Π(x)/ρ(x) on βm is much smaller than Π(x,p)/ρ(x,p) as shown
in Figs. 1 and 2.

We see that R < 1, i.e. the polarization per particle for fermions is always less than that for anti-fermions.
This behavior is consistent to the observation in the STAR experiment [26]. Also R decreases with µ at fixed m.
Such behaviors are based on the following facts: (a) Π(x) is actually proportional to the susceptibility ∂ρ/∂µ and in-
creases/decreases for fermions/anti-fermions with βµ just as ρ(x); (b) Πfermion/Πanti−fermion and ρfermion/ρanti−fermion

are all increasing functions of βµ; (c) Πfermion/Πanti−fermion is less than ρfermion/ρanti−fermion and increases slower with
βµ than ρfermion/ρanti−fermion.

In the massless case, the momentum integrals in Eqs. (49,50) can be worked out, so we obtain the quantities for
fermions (+) and anti-fermions (−),

Πm=0(x) = −!ω
1

2π2
Li2(−e±βµ),

ρm=0(x) = −
2

π2
Li3(−e±βµ),

[

Π(x)

ρ(x)

]

m=0

= !ω
1

4

Li2(−e±βµ)

Li3(−e±βµ)
, (57)

where the polylogarithm function is defined by the power series, Lis(z) =
∑∞

k=1 z
k/ks. Fig. 5 shows the numerical

results for [Π(x)/ρ(x)]m=0 for fermions and anti-fermions and their ratio R defined by Eq. (56) as functions of βµ.
If we consider the Cooper-Frye description of hadron freezeout in hydrodynamic evolution, we can re-write the

polarization density in Eq. (47) by replacing the momentum integral with the one on the freezeout hypersurface. For
fermions, we pick up the first term in the second line of Eq. (47) and define the polarization spectra in momentum

μ/T=0.5

μ/T=1

μ/T=2

Non-zero chemical potential makes difference in polarization  
between Λ and anti-Λ, but the effect seems to be small.

L and L̄: UrQMD+vHLLE vs experiment

L within experimentan error bars.

Much smaller and opposite sign L̄-L
splitting. Only µB e↵ect in the
model, and it is small.

MHD interpretation: vorticity
creates the average L+L̄,
magnetic field makes the splitting.
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distribution depends on the chosen equation of state, initial
time τ0, and shear viscosity [5,17]. In the following we use
ideal fluid hydrodynamics with τ0 = 0.25 fm/c and a realistic,
hard equation of state [18], which requires

f (η∥) = exp

[

− (η∥ − η0)2

2σ 2
η

θ (|η∥| − η0)

]

, (9)

with a plateau of width 2η0 = 2.0 and ση = 1.3.
A different type of initial conditions studied in this work as-

sumes a preferred emission from participating nucleons in the
same hemisphere. Instead of a symmetric distribution of matter
in space-time rapidity given by the function f (η∥) in Eq. (3),
we assume that the deposited energy depends on the rapidity
of the emitting participating nucleon. Such a distribution de-
pending on the rapidity difference between the emitting charge
and the emitted gluon is assumed in some phenomenological
models [19]. However, there is no direct measurement of the
contribution to soft-particle production from a single forward-
or backward-moving charge. A phenomenological analysis
is possible, by comparing multiplicity distributions in pseu-
dorapidity for different asymmetric systems or by studying
multiplicity correlations in different pseudorapidity intervals.
These studies indicate that a preferred emission for rapidities
close to the rapidity of the participating charge occurs [20– 23].
In the wounded nucleon model of nuclear collisions, such cor-
relations can be understood as due to a specific distribution of
soft particles produced by each participant nucleon. Nucleons
from the projectile [with positive rapidity yB = ln(

√
s/mN ) >

0] emit more particles in the forward (η > 0) than in the
backward hemisphere. The form of the extracted charged
particle distribution can be approximated by the function

fF (η) = η + ηm

2ηm

(10)

in the interval [− ηm, ηm], where ηm = yb − ηs defines
the range of rapidity correlations; at

√
s = 200 GeV it is

ηm ∼ yb − 2 ≃ 3.36. The origin of the shift in rapidity ηs ≃ 2
is not understood [20,21]. For practical purposes, we can treat
it as a phenomenological parameter. Particle production in the
remaining pseudorapidity intervals close to the fragmentation
regions [ηm,yb] and [− yb, − ηm] cannot be reliably described
in a hydrodynamic model anyway. Within the framework of
relativistic hydrodynamics, we are interested in describing the
main characteristics of the soft part of particle spectra in the
central region − 3.5 < η < 3.5 and, in particular, the directed
flow. There is another reason why the phenomenological
estimates of the emission of particles from participant nucleons
[20,21] cannot be directly translated into the initial conditions
for hydrodynamics that we are interested in. References
[20,21] study particle distributions and correlations in the
final state, whereas we know that, in realistic hydrodynamic
simulations, the matter distribution in space-time rapidity
evolves during the expansion of the fireball [5,17]; also
statistical emission broadens the distribution in pseudorapidity.
It means that the initial profile f (η∥) is significantly narrower
than the final charged particle distribution dN/dη. The
correlation functions in pseudorapidity [21] can be modified
due to the longitudinal transport and the generation of
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FIG. 2. (Color online) Initial profile in the longitudinal (space-
time rapidity) direction. The symmetric function f (η∥) is composed
of the two contributions f+ and f− representing the emission from
forward- and backward-going participant nucleons.

transverse flow as well. We propose as a phenomenological
ansatz (Fig. 2), inspired by the observations in Refs. [20– 23],
that the initial energy density of matter produced by a single
participant nucleon of rapidity yb is proportional to

f+(η∥) = f (η∥)fF (η∥), (11)

where f (η∥) is the initial longitudinal profile (9) fitted to
reproduce dN/dη, and

fF (η∥) =

⎧
⎪⎨

⎪⎩

0 η∥ < − ηm

η∥+ηm

2ηm
− ηm ! η∥ ! ηm

1 ηm < η∥

. (12)

The initial energy density of the fireball is constructed
as a sum of three terms originating from the forward- or
backward-moving participant nucleons and from the binary
collisions that are assumed to contribute in a symmetric way:

ϵ(τ0) = ϵ0{2[N+(x,y)f+(η∥) + N− (x,y)f− (η∥)](1 − α)

+ 2αNbin(x,y)f (η∥)}/N0. (13)

The net result of the difference between forward and backward
emission is a tilt of the source in the x-η∥ plane (Fig. 3).
This breaks the symmetry in the longitudinal direction and
generates nonzero directed flow in the expansion.

Hydrodynamic equations in (3 + 1)D

∂µT µν = 0 (14)
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FIG. 3. (Color online) Same as in Fig. 1, but for tilted initial
conditions [Eq. (13)].
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transverse flow as well. We propose as a phenomenological
ansatz (Fig. 2), inspired by the observations in Refs. [20– 23],
that the initial energy density of matter produced by a single
participant nucleon of rapidity yb is proportional to
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collisions that are assumed to contribute in a symmetric way:
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The net result of the difference between forward and backward
emission is a tilt of the source in the x-η∥ plane (Fig. 3).
This breaks the symmetry in the longitudinal direction and
generates nonzero directed flow in the expansion.
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Preferential emission of forward(backward) going participants results in the initial source tilt.  
The initial tilt with an expansion leads to a vorticity, and creates ηdependence of directed flow.

4

ested in. Refs. [20, 21] study particle distributions and
correlations in the final state, whereas, we know that in
realistic hydrodynamic simulations the matter distribu-
tion in space-time rapidity evolves during the expansion
of the fireball [5, 17], also statistical emission broadens
the distribution in pseudorapidity. It means that the ini-
tial profile f(η∥) is significantly narrower than the final

charged particle distribution dN
dη . The correlation func-

tions in pseudorapidity [21] can be modified due to the
longitudinal transport and the generation of transverse
flow as well. We propose as a phenomenological ansatz,
inspired by the observations in Refs. [20–23], that the
initial energy density of matter produced by a single par-
ticipant nucleon of rapidity yb is proportional to

f+(η∥) = f(η∥)fF (η∥) (11)

where f(η∥) is the initial longitudinal profile (9) fitted to

reproduce dN
dη

and

fF (η∥) =
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⎪

⎨

⎪

⎩

0 η∥ < −ηm
η∥+ηm

2ηm

−ηm ≤ η∥ ≤ ηm
1 ηm < η∥

(12)

The initial energy density of the fireball is constructed
as a sum of three terms originating from the forward or
backward moving participant nucleons and from the bi-
nary collisions that are assumed to contribute in a sym-
metric way

ϵ(τ0) = ϵ0
[

2
(

N+(x, y)f+(η∥) +N−(x, y)f−(η∥)
)

(1− α)

+ 2αNbin(x, y)f(η∥)
]

/N0 . (13)

The net result of the difference between forward and
backward emission is a tilt of the source in the x-η∥ plane
(Fig. 3). This breaks the symmetry in the longitudinal
direction and generates nonzero directed flow in the ex-
pansion.
Hydrodynamic equations in 3 + 1D

∂µT
µν = 0 (14)

constitute four independent equations, which, together
with the equation of state, determine the evolution of
the energy density ϵ, of the pressure p, and of three inde-
pendent components on the fluid velocity. The fluid four
velocity can be written in the form

uµ = (γ coshY, ux, uy, γ sinhY ) , (15)

ux and uy are the components of the transverse veloc-

ity, γ =
√

1 + u2
x + u2

y and Y = 1
2
ln
(

1+vz
1−vz

)

is the fluid

rapidity. The densities are functions of the proper time
τ , the space-time rapidity η∥ and the transverse coordi-
nates x, y. The equations in the expanded form can be
found in [5]. At early times, the velocities on the right
hand side of the equations can be approximated by the

initial velocities ux = 0, uy=0, Y = η∥. The two ac-
celeration equations for the velocity components in the
reaction plane take the form

∂τux = −
1

ϵ+ p
∂xp

∂τY = −
1

τ(ϵ+ p)
∂η∥

p . (16)

In 3 + 1D hydrodynamic evolution, the lack of Bjorken
invariance results in a nonzero longitudinal acceleration.
The fluid rapidity Y becomes larger than the space-time
rapidity η∥. In Figs. 1 and 3 are shown the vector fields
of the initial pressure gradients ( 1

τ0
∂η∥

p, ∂xp). For the
shifted initial conditions the gradient in the central region
of the fireball is in the transverse direction, and mainly
transverse flow is generated in the early stage. This is
due to the existence of an approximate Bjorken plateau
for central rapidities in the initial stage. The situation is
different for tilted initial conditions (Fig. 3); the acceler-
ation in the tilted source is anti-correlated in the trans-
verse x and longitudinal η∥ directions. The matter that
is accelerated to positive rapidities is preferably acceler-
ated in the negative x direction. In the same Figures are
shown the lines of constant pressure for the initial fire-
ball created in Cu-Cu collisions for the same centrality.
The deformation for the shifted fireball (Fig. 1), or the
tilt for the tilted fireball (Fig. 3), in the smaller system
is very similar as in the larger system. This generates a
similar directed flow in the two systems irrespective of
their sizes.

III. RESULTS

The hydrodynamic equations are solved numerically
for the two sets of initial conditions, the shifted ini-
tial distributions (8) and the tilted initial conditions
(13). The parameter ϵ0 is chosen to reproduce particle
spectra and multiplicities in central collisions. We use
ϵ0 = 107GeV/fm−3 and ϵ0 = 65GeV/fm−3 for Au-Au
and Cu-Cu collision respectively, and a freeze-out tem-
perature of TF = 150MeV. This gives a satisfactory de-
scription of the spectra in collisions up to centralities of
50% [5].
The distribution of charged particles in pseudorapid-

ity is shown in Fig. 4. The results obtained from the
two initial conditions are almost indistinguishable on the
plot. Both initial conditions lead to similar results for
transverse momentum spectra of particles, interferome-
try radii, and elliptic flow, as well. The comparison with
experimental data can be found in Ref. [5], giving sat-
isfactory results. The calculated elliptic flow overshoots
the experimental data since we do not take viscosity ef-
fects into account [26]. The parameters of the initial
profile in space-time rapidity f(η∥) are adjusted to repro-
duce, as closely as possible, the experimental results on
pseudorapidity distributions, and transverse momentum
spectra at non-zero rapidities [5]. Changing the width
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Fig. 8 Directed flow of pions at η/s = 0.1 and ηm = 2.0 compared
with STAR data [22]

comparison between data and calculations have been delib-
erately neglected in this work. However, since our aim was
to obtain a somewhat realistic evaluation of the vorticities,
we have chosen the value of ηm for which we obtain the best
agreement between our calculated pion v1(y) and the mea-
sured for charged particles in the central rapidity region. For
the fixed value η/s = 0.1 (approximately twice the conjec-
tured universal lower bound) the corresponding best value of
ηm turns out to be 2.0 (see Fig. 8).

It is worth discussing more in detail an interesting rela-
tionship between the value of the parameter ηm and that of
a conserved physical quantity, the angular momentum of the
plasma, which, for BIC is given by the integral (see Appendix
A for the derivation):

J y = −τ0

∫
dx dy dη x ε(x, y, η) sinh η. (32)

Since ηm controls the asymmetry of the energy density dis-
tribution in the η − x plane, one expects that Jy will vary
as a function of ηm . Indeed, if the energy density profile is
symmetric in η, the integral in Eq. (32) vanishes. Yet, for any
finite ηm ̸= 0, the profile (20) is not symmetric and Jy ̸= 0
(looking at the definition of f+ and f− it can be realized that
only in the limit ηm → ∞ the energy density profile becomes
symmetric). The dependence of the angular momentum on
ηm with all the initial parameters kept fixed is shown in Fig. 9.
For the value ηm = 2.0 it turns out to be around 3.18 × 103

in h̄ units.
It is also interesting to estimate an upper bound on the

angular momentum of the plasma by evaluating the angular
momentum of the overlap region of the two colliding nuclei.
This can be done by trying to extend the simple formula
for two sharp spheres. In our conventional reference frame,
the initial angular momentum of the nuclear overlap region
is directed along the y axis with negative value and can be
written as
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J y =
∫

dx dy w(x, y)(T+ − T−)x
√
sNN

2
(33)

where T± are the thickness functions like in Eq. (18) and

w(x, y) = min(n(x + b/2, y, 0), n(x − b/2, y, 0))
max(n(x + b/2, y, 0), n(x − b/2, y, 0))

is the function which extends the simple product of two θ

functions used for the overlap of two sharp spheres. Note
that the ω̃(x, y) is 1 for full overlap (b = 0) and implies a
vanishing angular momentum for very large b (see Fig. 10)
(see also Ref. [33]).

At b = 11.57 fm the above angular momentum is about
3.58 × 103 in h̄ units. This means that, with the current
parametrization of the initial conditions, for that impact
parameter about 89 % of the angular momentum is retained
by the hydrodynamical plasma, while the rest is possibly
taken away by the corona particles.

With the final set of parameters, we have calculated the
thermal vorticity ϖ . As has been mentioned in Sect. 2, this
vorticity is adimensional in cartesian coordinates) and it is
constant at global thermodynamical equilibrium [17], e.g.
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the Riemann problems at cell interfaces [30]. It is therefore
important to check whether the code is not introducing, for
a given resolution, numerical errors which are larger than
the effects induced by the physics. We refer to the global
numerical errors generically as numerical viscosity.

We have thus calculated the T -vorticity for different physi-
cal viscosities (in fact η/s ratios), in order to provide an upper
bound for the numerical viscosity of ECHO-QGP in the ideal
mode. The mean value of the T -vorticity is shown in Fig. 5
and its extrapolation to zero occurs when |η/s| ! 0.002
which is a very satisfactory value, comparable with the one
obtained in Ref. [4]. The good performance is due to the use
of high-order reconstruction methods that are able to com-
pensate for the highly diffusive two-wave Riemann solver
employed [3].

5 Directed flow, angular momentum, and thermal
vorticity

With the initial conditions reported at the end of Sect. 3
we have calculated the directed flow of pions (both charged

Fig. 5 Mean of the absolute values of "µν/T 2 components at
the freeze-out hypersurface as a function of η/s. Note that the
"xη,"yη,"τη have been multiplied by 1/τ . Upper panel log scale.
Lower panel magnification of the region around zero viscosity

states) at the freeze-out and compared it with the STAR data
for charged particles collected in the centrality interval 40–
80 % [22]. Directed flow is an important observable for sev-
eral reasons. Recently, it has been studied at lower energy [31]
with a hybrid fluid-transport model (see also Ref. [32]). At√
sNN = 200 GeV, it has been calculated with an ideal 3+ 1

D hydro code first by Bozek and Wyskiel [18]. Herein, we
extend the calculation to the viscous regime.

The amount of generated directed flow at the freeze-out
depends, of course, on the initial conditions, particularly on
the parameter ηm (see Sect. 3), as shown in Fig. 6. The
directed flow also depends on η/s as shown in Fig. 7 and
could then be used to measure the viscosity of the QCD
plasma along with other azimuthal anisotropy coefficients.
It should be pointed out that, apparently, the directed flow
can be reproduced by our hydrodynamical calculation only
for −3 < y < 3.

The dependence of v1(y) on ηm and η/s makes it possible
to adjust the ηm parameter for a given η/s value. This adjust-
ment cannot be properly called a precision fit because, as
we have mentioned in the Introduction, several effects in the

Fig. 6 Directed flow of pions for different values of ηm parameter with
η/s = 0.1 compared with STAR data [22]

Fig. 7 Directed flow of pions for different values of η/s with ηm = 2.0
compared with STAR data [22]
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Fig. 1. (Color online) Illustration of the chiral magnetic effect. To be specific, the illustration is for just one kind of massless quarks with positive electric
charge Q > 0 and for the case of µ5 > 0. For quarks with negative electric charge the quark current EJ is generated in the opposite direction (owing to the
opposite spin polarization) but their contribution to the electric current would be the same as that from positively charged quarks. For µ5 < 0 the current
will flip direction.

For simplicity we will discuss the anomalous chiral effects with the single-fermion-species example in this Section.
The generalization to the multi-flavor and multi-color case would be straightforward. Experimental measurements often
concern the electromagnetic charge or baryonic charge rather than the quark-level currents. The conserved charge currents
can be constructed from those of quarks by summing over relevant flavors and colors, e.g.

JµQ = Nc

X

f

eQf J
µ
f , JµB = Nc

X

f

Bf J
µ
f , (6)

where Qf and Bf are the electric and baryonic charges of a given flavor, respectively, e.g. for (u, d, s) flavors, Qf =

(2/3, �1/3, �1/3) and Bf = (1/3, 1/3, 1/3).

2.1. The chiral magnetic effect

A powerful way of probing properties of matter, known since the time of Ohm and still widely used today, is to apply
external electromagnetic fields and examine the responses of matter. For example, in an electrically conducting medium,
an electric current can be generated in the presence of an external electric field

EJ = � EE, (7)

which is the famous Ohm’s law, with � being the electric conductivity characterizing the vector charge transport property of
matter. (Note we have ‘‘hidden’’ an electric charge Qe factor on both sides in the above.) Obviously the QGP with electrically
charged quarks roaming around is a conductor.

There are however more interesting questions onemay ask regarding the QGP transport. What would happen if one uses
an externalmagnetic field EB as a probe, instead? Can a vector current be generated similarly to that in Eq. (7)?Normally this is
forbidden by the symmetry argument:EJ is aP -odd vector quantitywhile EB is aP -even axial vector quantity. But the situation
is different if the underlying medium itself is chiral, such as a chiral QGP with nonzero µ5 whose parity ‘‘mirror image’’ has
an opposite µ5. As already discussed in the Introduction section, in such case the Chiral Magnetic Effect (CME) [22,24,25]
predicts the generation of a vector current EJ = �5EB in response to the EB field, as given in Eq. (4). The �5 =

Qe
2⇡2 µ5 is a chiral

magnetic conductivity. (Again if one wants to specifically consider the electric current, then EJ ! QeEJ = (Qe)2/(2⇡2)µ5EB.)
The generation of a vector current in the presence of chirality imbalance was first discussed by Vilenkin [60]. However

chirality imbalance itself is a necessary but not sufficient ingredient of the CME—the corresponding current does not vanish
only when the chiral charge is not conserved, i.e. in the presence of chiral anomaly. The detailed discussion of this issue, and
additional references to earlier work, can be found in [15]. Because both the chirality imbalance and the chiral anomaly are
involved in the CME and related phenomena, we will refer to them as ‘‘anomalous chiral effects’’ in this review.

Intuitively the CME may be understood in the following way, as illustrated in Fig. 1. The magnetic field leads to a spin
polarization (i.e. ‘‘magnetization’’) effect, with quarks’ spins preferably aligned along the EB field direction, which implies
hEsi / (Qe)EB. Quarks with specific chirality have their momentum Ep direction correlated with spin Es orientation: Ep k Es for
RH quarks, while Ep k (�Es) for LH ones. In the presence of chirality imbalance, i.e. µ5 6= 0, there will be a net correlation
between average spin and momentum hEpi / µ5hEsi. For example, if µ5 > 0 there are more RH quarks, and the momentum
is preferably in parallel to spin. It is therefore evident that hEpi / (Qe)µ5EB, which implies a vector current of these quarks
EJ / hEpi / (Qe)µ5EB.

Of course, the precise coefficient of the chiral magnetic conductivity �5 has to be determined dynamically. Remarkably,
computations in various systems ranging from free gas to infinitely strongly coupled field theories, have inevitably found
the same universal value independent of dynamical details (see e.g. the reviews in [14] and further references therein). This
points to a certain deep origin of the CME, and indeed this coefficient is entirely dictated by the chiral anomaly. A most
elaborative way to manifest this profound connection is perhaps through the following derivation (see e.g. [23]). Let us

Magnetic field    +    massless quarks    +    chirality imbalance
spin alignment

(opposite direction 
for opposite sign)

D. Kharzeev, R. Pisarski, M. Tytgat, PRL81, 512 (1998) 
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charge Q > 0 and for the case of µ5 > 0. For quarks with negative electric charge the quark current EJ is generated in the opposite direction (owing to the
opposite spin polarization) but their contribution to the electric current would be the same as that from positively charged quarks. For µ5 < 0 the current
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2.1. The chiral magnetic effect

A powerful way of probing properties of matter, known since the time of Ohm and still widely used today, is to apply
external electromagnetic fields and examine the responses of matter. For example, in an electrically conducting medium,
an electric current can be generated in the presence of an external electric field

EJ = � EE, (7)

which is the famous Ohm’s law, with � being the electric conductivity characterizing the vector charge transport property of
matter. (Note we have ‘‘hidden’’ an electric charge Qe factor on both sides in the above.) Obviously the QGP with electrically
charged quarks roaming around is a conductor.

There are however more interesting questions onemay ask regarding the QGP transport. What would happen if one uses
an externalmagnetic field EB as a probe, instead? Can a vector current be generated similarly to that in Eq. (7)?Normally this is
forbidden by the symmetry argument:EJ is aP -odd vector quantitywhile EB is aP -even axial vector quantity. But the situation
is different if the underlying medium itself is chiral, such as a chiral QGP with nonzero µ5 whose parity ‘‘mirror image’’ has
an opposite µ5. As already discussed in the Introduction section, in such case the Chiral Magnetic Effect (CME) [22,24,25]
predicts the generation of a vector current EJ = �5EB in response to the EB field, as given in Eq. (4). The �5 =

Qe
2⇡2 µ5 is a chiral

magnetic conductivity. (Again if one wants to specifically consider the electric current, then EJ ! QeEJ = (Qe)2/(2⇡2)µ5EB.)
The generation of a vector current in the presence of chirality imbalance was first discussed by Vilenkin [60]. However

chirality imbalance itself is a necessary but not sufficient ingredient of the CME—the corresponding current does not vanish
only when the chiral charge is not conserved, i.e. in the presence of chiral anomaly. The detailed discussion of this issue, and
additional references to earlier work, can be found in [15]. Because both the chirality imbalance and the chiral anomaly are
involved in the CME and related phenomena, we will refer to them as ‘‘anomalous chiral effects’’ in this review.

Intuitively the CME may be understood in the following way, as illustrated in Fig. 1. The magnetic field leads to a spin
polarization (i.e. ‘‘magnetization’’) effect, with quarks’ spins preferably aligned along the EB field direction, which implies
hEsi / (Qe)EB. Quarks with specific chirality have their momentum Ep direction correlated with spin Es orientation: Ep k Es for
RH quarks, while Ep k (�Es) for LH ones. In the presence of chirality imbalance, i.e. µ5 6= 0, there will be a net correlation
between average spin and momentum hEpi / µ5hEsi. For example, if µ5 > 0 there are more RH quarks, and the momentum
is preferably in parallel to spin. It is therefore evident that hEpi / (Qe)µ5EB, which implies a vector current of these quarks
EJ / hEpi / (Qe)µ5EB.

Of course, the precise coefficient of the chiral magnetic conductivity �5 has to be determined dynamically. Remarkably,
computations in various systems ranging from free gas to infinitely strongly coupled field theories, have inevitably found
the same universal value independent of dynamical details (see e.g. the reviews in [14] and further references therein). This
points to a certain deep origin of the CME, and indeed this coefficient is entirely dictated by the chiral anomaly. A most
elaborative way to manifest this profound connection is perhaps through the following derivation (see e.g. [23]). Let us
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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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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.

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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Systematic uncertainties

 37

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


