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Introduction: Spin-orbit Coupling

Uncharged body  will be spontaneously magnetized 
when rotated with fixed axis 
[ S. J. Barnett, Magnetization by Rotation, Phys. Rev.. 6, 
239–270 (1915).]

• Coupling between macroscopic orbital angular momentum and microscopic 
spin angular momentum

• Another interpretation of this coupling: Equipartition of angular momentum 
degrees of freedom

Ferromagnet at rest, when put into an external H field, will 
start to rotate
[ A. Einstein, W. J. de Haas, Koninklijke Akademie van 
Wetenschappen te Amsterdam, Proceedings, 18 I, 696711 (1915) ]

Einstein-de Hass Effect(1915)Barnett Effect (1915)



Introduction: Angular momentum

[ L. P. Csernai, et al. Phys. Rev. C 87, 034906 (2013)]

• Tilted initial state (Fig.  1) carries the angular momentum from impact. 

• The velocity shear (Fig. 2b) will further rotate this initial state, and even 
leads to Kelvin Helmholtz Instability(KHI).

Fig.2  (a)Transverse view. (b) Shear velocity profile.Fig.1 3D view after collisions. Tilted Initial State

X.N. Wang, et al., PRC77, 044902 (2008)



Introduction: Vorticity and Polarization

[ F. Becattini, et al. PRC 88, 034905 (2013) ]

Fig. 3   The vorticity calculated in the reaction (xz) plane at 
t = 0.17 fm/c after the start of fluid dynamical evolution.

• The rotation can lead to observable vorticity (Fig. 3), and polarization (Fig. 4). 

• The initial angular momentum can be transfer to the polarization at final state, 
via spin-orbital coupling or equipartition of the freedom of angular momentum.

Fig. 4. The dominant y component of the observable 
polarization, Π0(p) in the Λ’s rest frame.

[ L. P. Csernai, et al, PRC 87, 034906 (2013)]



Introduction: Hydrodynamic Simulation

Fig. 5   Space-time evolution in Bjorken model

 An initial state based Yang-Mills fields (flux tube) is formed after Lorentz contracted 
nuclei penetrate each other, then system evolves with a (3+1)D fluid dynamics: the 
high resolution Particle-In-Cell Relativistic (PICR) hydrodynamic model. 

 The major part of freeze out hypersurface is assumed to be time like here. And we 
use the ideal-gas post-FO distribution. The precise FO prescription in Hydro fluid 
dynamics was discussed in Ref. [Yu Cheng, 2011]. 

[ Yun Cheng, et al., Phys. Rev. C 81, 064910 (2010) ]



Polarization vector 

F. Becattini, L.P. Csernai, and D.J. Wang, Phys. Rev. C 88, 034905 (2013).

Refs. [Becattini, 2008, 2013] revisited the relativistic thermodynamics with spin: adding  a 
rotation term into the density operator for a rotating gas system in local equilibrium:

distribution function       Spin tensor       Pauli-Lubanski vector      Polarization 4-vector
The mean Λ polarization (3-)vector in CM frame: 

П 𝑝 =
ħ𝜖
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Spatial                                      Temporal
where                                        is the inverse temperature four-vector field. Then thermal 
vorticity is ω= 𝛻 × 𝛽.

In experiments, the polarization is measured in particle’s rest frame---- Lorentz-boosting: 

In experiments, the polarization is measured globally-----Integrating the y component of 
polarization Π0y(p) over momentum space, to obtain the global polarization:
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Results: Y Component （FAIR）

 The y component is dominant, up to ~20%, as we can compare it with x and 
z components later.

 Opposite directions. Result into a relatively small value of global polarization.

Fig. 6   The first (left) and second (right) term of the dominant y component of the Λ 
polarization for momentum vectors in the transverse plane at pz = 0,for the FAIR U+U 
reaction at 8.0 GeV at time t = 2.5+4.75 fm/c.

[ Y.L. Xie et al., PRC 94, 054907 (2016)]



Results: X and Z components (FAIR)

Fig. 7   The first (left) and second (right) terms of the x(up) and y(down) 
components of the Λ polarization for momentum vectors in the transverse 
plane at pz = 0,for the FAIR U+U reaction at 8.0 GeV

1.    Small magnitude.
2.    Anti-symmetric

[Becattini, et al., Eur. Phys. J. C 75, 406 (2015).]

ECHO-QGP numerical code, implementing 
relativistic dissipative hydrodynamics
in the causal Israel-Stewart framework in 3+1 
dimensions with an initial Bjorken flow profile

[ Y.L. Xie et al., PRC 94, 054907 (2016)]



Results：RHIC Au+Au collisions
 Global polarization measurements by RHIC BES II programe: Au-Au collisions at energies 

of 7.7, 11.5, 14.5, 19.6, 27.0, 39.0, 62.4, and 200 GeV



Puzzle 1：Energe denpendence

Fig. 8. The global polarization, 2<Πoy>p , in our PICR model (red circle) 
and STAR BES experiments (green triangle), at energies √s of 11.5, 14.5, 
19.6, 27.0, 39.0, 62.4, and 200 GeV. 

H. Li, X.N. Wang et al., PRC 96,054908 (2017).M. Baznat, et al., arXiv:1701.00923.

I. Karpenko, F. Becattini, et al., 
Eur. Phys. J. C 77, 213 (2017).

QGSM+Axial Vortrical Effect AMPT+Spin-Vorticity Coupling

UrQMD-vHLLE hybrid Model
< П଴௬ >௣=

∫ 𝑑𝑝𝑑𝑥П଴௬(𝑝, 𝑥)𝑛ி(𝑥, 𝑝)

∫ 𝑑𝑝𝑑𝑥 𝑛ி(𝑥, 𝑝)
=

∫ 𝑑𝑝П଴௬(𝑝)𝑛ி(𝑝)

∫ 𝑑𝑝 𝑛ி(𝑝)

[ Y.L. Xie et al., PRC 93, 031901(R) (2017)]



Puzzle 1: Energy dependence
Interpretations of the energy dependence behavior: 

1. Drastic thermal motion of particles in
higher temperature/energy.

3.  Initial State: tilted more for low energy, Larger 𝜔ഥ௫௭

[ P. Huovinen, X.N. Wang et al., PRC 84,054910 (2011). ]

Mean Free Path ∝ Temperature

AMPT simulation for 39-200 GeV (b=7fm)
[Y. Jiang, et al., Phys. Rev. C 94, 044901 (2016).]

2. The vorticity decreases with the increased energy

4. Freeze out: Longer hydro evolution time for larger √𝑠

[ H. Li, L.G. Pang, et al., Phys. Rev. C 96, 054908 ] [ I. Karpenko, F. Becattini, et al., Eur. Phys. J. C 77, 213 (2017). ]



Puzzle 2: Polarization Splitting

• Why is the Λ polarization larger than anti-Λ’s polarization, in RHIC BES program?

1.   Polarization induced by magnetic field might split the vorticity induced polarization?

2.   Effect of baryon chemical potential : accounts for only 1%

3.  Axial Anomaly Charge: The same for Λs and anti-Λs. But 𝑁ஃ > 𝑁ஃഥ

[ L. McLerran, V. Skokov, Nucl.Phys. A929 (2014) 184-190 ] [ M.A. Lisa, invited talk in Zimany School, Amesterdam 2017 ]

mπ
2/e ≈1014T

R.H. Fang, et al., PRC 94 (2016) 024904;
M.A. Lisa, invited talk in WPCF, Budapest 2017

A. Sorin, O. Teryaev, PRC 94 011902(R) (2017)

𝑛ி 𝑥, 𝑝 =
1

𝑒ఉ(௣ഋ௨ഋ∓ఓ) + 1



Puzzle 3：Sign Disagreement

Au-Au 200GeV 

[Becattini, Y.L. Xie et.al, PRC93, 069901(E)(2016)]

Au-Au 11.5GeV 

[ Y.L. Xie et al., PRC 93, 031901(R) (2017)]



Puzzle 3：Sign disagreement



Puzzle1&2：Vortical fermion system in bosonic field

Considering the system during hadron rescattering，the strong interactions between Λ
and baryons are mediated by the scalar meson σ and vector meson Vμ

Dirac equation with Yuwaka interaction

Klein-Gordon field (for massive spin-0 bosons)

Proca equation (for massive spin-1 bosons )

Euler-Lagrangan equation

[L.P. Csernai, J. Kapusta, et al, PRC 99, 021901(R) (2019)]



1. Dirac equations with Yuwaka interaction

2. KG equations 

------ FW (Foldy-Wouthuysen) Hamiltonian

Analytic solution: Simple Solution：

3. Proca equations 

Simple Solution:

mV=783MeV
mσ=550MeV

Dirac 4 × 4 matrix:

Puzzle1&2：Vortical fermion system in bosonic field



In conclusion, the baryons (fermions) with vorticity will induce vector meson (bosons) 
magnetic field, this magnetic&electric field would interact with the Λ’s spin, resulting into 
the polarization and polarization difference between Λ and anti- Λ.

[L.P. Csernai, J. Kapusta, et al, PRC 99, 021901(R) (2019)]

Puzzle1&2：Vortical fermion system in bosonic field



Same sign distribution??

Au-Au 200GeV, Freeze-Out time: 2.5+ 4.75fm/c

Puzzle 3：Spatial and Temporal components of vorticity

FAIR 8GeV

Au-Au, 200GeV

Use the same date in [ Y.L. Xie et al., PRC 93, 031901(R) (2017)]



[E. E. Kolomeitsev, et al, PRC 97, 064902 (2018)]

[W. Florkowski, et al, arxiv:1904.00002]

Puzzle 3：Spatial and Temporal components of vorticity

In our model, the second term plays crucial role to obtain correct structure of 
local longitudinal polarization and magnitude of global polarizations.



Outlook: Polarization as probe for initial fluctuations

Applying the approach of [Csernai, Kapusta, PRC 99, 021901(R) (2019)], to the QGP phase:

with gluon tensor:

In the weak coupling limits, we neglect the gluon’s self energy term. Then this is an Abelian 
plasma, with color electric&magnetic field obeying the Maxwell equations:

(with local equilibrium)



Outlook: Polarization as probe for initial fluctuations

Classical FW transformation is not necessarily valid for relativistic strange quarks in such high 
energy and temperature. So we use the generalized FW transformation for the relativistic particles 
with any spin, proposed by [A. J. Silenko, PRA 77, 012116 (2008)] :

The main problem in this approach is that: the Event-Average net color charge in QGP is zero, as well 
as the color current. Therefore this type of polarization induced by color magnetic field is based on the 
initial color fluctuation. If this is true, then we expect to observe this EbE polarization in high energy 
collisions beyond RHIC’s 200GeV:
1) the event-averaged global Λ polarization were expected to be consistent with zero.
2) while the color fluctuations, which depends on the Bjorken variable x, are expected to be large.



Outlook: Polarization as probe for initial fluctuations

If we keep the order to 4th order flow 𝑣ସ , then an correction term will show up: 

ௗ்

ௗఛ

ଵ

௠் ଶ ் ସ ଶ
ଶ

Ratio 𝑣ସ/𝑣ଶ
ଶ is related to eccentricity fluctuation, 

and equals to 0.5 when without fluctuations.



Summary

 The y component of polarization dominates the global polarization. 
The second term of polarization vector are non-trivial in our model.

 A Walack-Like approach was applied to hadron scattering phase, 
and QGP phase.

 Polarization could be a signal to probe the initial fluctuations. 

 ………..





Results: Time evolution

 At earlier time(0-5 fm/c), the polarization is increasing. 
However, it is not possible to have Λ at this time.

 From time 5 fm/c, the polarization is decreasing with the 
time. After 10 fm/c, the polarization even goes to 
negative value, which shows the limitation of hydro 
model in the later stage of collisions, due to the large 
surface to volume ratio

Fig. 13   The time evolution of global polarization for energy √s = 11.5,  27, and 62.4 GeV. 

AMPT simulation for 39-200 GeV (b=7fm)
[Y. Jiang, et al., Phys. Rev. C 94, 044901 (2016).]



New Initial State

• Nowadays, particle physicists are more and more concerning the initial state, because the 
final state is very sensitive to the initial state configuration.

Aim: Compact Initial State with Shear
Main Features: Steak by Steak collisions, Bjorken expansion, Matching, Propagation(mapping) 

[ VK Magas, LP Csernai, et al., NPA 712 (2002) 167–204 ] [L.G. Pang, X.N. Wang, et al., Nucl. Phys. A 956, 272 (2016).]



New Initial State



Fig.2   Due to the azimuthal symmetry the rotation 
is in the reaction plane. The radial component of 
momentum is chosen to be px only. 

Fig. 1. Sketch of peripheral heavy ion collisions at high 
energy. The Λ polarization points essentially into the 
direction of the total angular momentum (-y) of the 
interaction region, it is orthogonal to the reaction plane. 

Configuration

Fig.3   The Shear in transvers plane, and the 
collective flow viewed in different directions.



 Both in the initial state and subsequent 
CFD simulation, the frequently used bag 
model equation of state (EoS) was 
applied: P = c0

2 e2 − (4/3)B, with constant 
c0

2 = 1/3 and a fixed bag constant B.

 The energy density takes the form e = αT 
4 + βT 2 + γ + B, where α, β, γ are 
constants arising from the degeneracy 
factors for (anti)quarks and gluons.

Equation of State



3  Results: Polarization at NICA
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 Similarity between y component and 
modulus of Polarization, in 
magnitude and structure.

 Similarity between NICA and FAIR’s 
polarization results.

 The net polarization is still negative, 
which means the first term is larger 
than the second term, at this time.

Fig. 9   The y component (left) and the modulus (right) of the polarization for 
momentum vectors in the transverse plane at pz = 0, for the NICA Au+Au reaction at 
9.3 GeV. The figure is in the Λ’s rest frame.



Polarization vector 

• Lambdas are “self-analyzing”: 
Reveal polarization by preferentially emitting  

daughter proton in the spin direction. 

• In experiments, we measure the emitted protons’ 
angular distribution in Λ’s frame to obtain the 
Lambda’s polarization


