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Spin effects
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Polarization 

Polarization through spin-
magnetic coupling:

Magnetic moment: 

Orbital angular 
momentum Spin

Spin-orbital 
coupling

S. A. Voloshin, arXiv:nucl-th/0410089 
Z.-T. Liang, X.-N. Wang, Phys. Rev. Lett. 94, 039901 (2004).
J.-J. Zhang, R.-H. Fang, Q. Wang, and X.-N. Wang, 
Phys. Rev. C 100, 064904 (2019)
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Spin effects

Global (or longitudinal) 
Lambda polarization

Vector meson 
spin alignment

5



Motivation
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Initial angular momentum and magnetic field

Spin polarization of quarks / anti-quarks

Spin polarization of hyperons / spin alignment 
of vector mesons

Angular distribution of daughter particles 

Coalescence model

Kinetic theory with spin
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Definition of Wigner function

Covariant Wigner function: 

Gauge link Two-point correlationFourier transform

~~~~~~~~~~~~~

Hartree app. (C-number field)

Lorentz covariant and gauge invariant

Gauge link:

~~~~~
Straight line
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Decomposition of Wigner function

Wigner function:  4×4 complex matrix, with 16 constraints,

Expansion in terms of generators of Clifford algebra,

Real functions in 8-d phase space
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Physical interpretations

Net-fermion number current, spin current 

2020-5-12 Xin-Li Sheng, USTC 10



Physical interpretations
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Canonical energy-momentum tensor,
canonical spin angular momentum tensor 
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Semi-classical expansion

• Semi-classical expansion:
     Expand Wigner function and its kinetic equations in terms of 

• Valid if
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Zeroth order:  classical spinless particles
Linear order:   spin corrections 

1. 

2.

3.

12



Linear order solutions

• Fermion distribution V, Dipole-moment tensor       . 
• Spin corrections, off-shell contribution
• Reduce to classical desities for mass, fermion current, spin 

polarization, and dipole-moment.
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Kinetic equations

Fermion distribution

Dipole-moment tensor
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- Off-shell contributions because of spin-magnetic coupling 
- Mathisson force, effects of inhomogeneous fields

Bargmann-
Michel-Telegdi 
(BMT) Eq. 

Collisionless
Boltzmann Eq.

14
N. Weickgenannt, XLS, E. Speranza, Q. Wang, D. H. Rischke, PRD 100,056018 (2019).



Massless limit
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Massive fermions Massless fermions

Rotational group O(3)

  Spin in rest frame

2-d Euclidean group E(2)

Helicity

Kinetic theory with 
spin for massive 
fermions

Chiral Kinetic Theory

Infinite Lorentz boost
 + massless limit

Y. S. Kim and E. P. 
Wigner, J. Math. Phys. 
28, 1175 (1987)

Connection?

Non-smooth connection in: 
N. Weickgenannt, XLS, E. Speranza, Q. Wang, D. H. Rischke, PRD 100,056018 (2019).
K. Hattori, Y. Hidaka, D.-L. Yang, PRD 100, 096011 (2019).
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Frame-dependent decomposition
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Massive: rest frame             Massless: frame 

dipole moment                  electric                                 magnetic 
tensor                              dipole moment                  dipole moment

~~~~                           ~~~~                                  ~~~~~~
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Frame-dependent decomposition
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Massive: rest frame             Massless: frame 

axial-charge 
density

spin polarization 
vector

   ~~~                               ~~~~~~

longitudinal / transverse polarization
(parallel / perpendicular 
to momentum in frame      )

~~~~~~~~~~~~~~~~~~~~ side-jump in 
massless case
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Massless limit
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Axial-vector component of Wigner function

Small-mass behaviors: 
(obtained by considering a single-particle wave packet)

classical case:

spin-orbital coupling

Y. Hidaka, S. Pu, and D.-L. Yang, 2017.
A. Huang, S. Shi, Y. Jiang, J. Liao, and 
P. Zhuang, 2018.
etc.

m       0

XLS, Q. Wang, and X.-G. Huang, 
arXiv:2005.00204.
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Massless limit
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Mass corrections to CKT

vanish in 
massless 
limit

vanish in 
massless 
limit

XLS, Q. Wang, and X.-G. Huang, 
arXiv:2005.00204.
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Thermal equilibrium
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• Assuming that the thermal equilibrium distribution have 
the form

    with

Constraints for the multipliers

constant

spin ↑↓ Lagrange multipliers Specifies 
direction of spin 
polarization

Thermal vorticity
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ACVE and CSE

  Axial-vector current
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Zeroth order distribution

Analogue of axial 
chiral vortical effect

Analogue of chiral 
separation effect

Not specified yet,
determined through

Massless:Massive:
R.-H. Fang, L.-G. Pang, Q. Wang, 
and X.-N. Wang, 2016
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Quark spin
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Average polarization along y-direction

Average polarization for fermion / antifermion

Projecting onto y-direction
Boltzmann limit

Acceleration
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Coalescence model
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Yang-Guang Yang, Ren-Hong Fang, 
Qun Wang, and Xin-Nian Wang, Phys.Rev.C 97, 3 (2018).

R. C. Hwa and C. B. Yang, Phys. Rev. C 70, 024904 (2004)
R. J. Fries,  B. Muller, C. Nonaka, S. A. Bass, 
Phys. Rev. C 68, 044902 (2003)
V. Greco, C. M. Ko, P. Lévai, L.W. Chen, Phys. Rev. C 68, 
034904 (2003); 
L. W. Chen, C. M. Ko, Phys. Rev. C 73, 044904 (2006)

include spin DoF
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Coalescence model
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Quark-antiquark state
flavor of 
quark or 
antiquark

~~~~~  ~~~~~  ~~~~~
spin in a fixed 
quantization 
direction 

momentum

Density operator

Weighted functions Average 
polarization along 
given direction  

Yang-Guang Yang, Ren-Hong Fang, 
Qun Wang, and Xin-Nian Wang, Phys.Rev.C 97, 3 (2018).
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Coalescence model
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Meson state
    ~~~  ~~~~  ~~
type of 
meson

spin 
status

momentum

Spin density matrix element for mesons

wave functions in 
momentum space

spin-flavor wave functions
Example:

Yang-Guang Yang, Ren-Hong Fang, 
Qun Wang, and Xin-Nian Wang,
 Phys.Rev.C 97, 3 (2018).
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Coalescence model
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Yang-Guang Yang, Ren-Hong Fang, 
Qun Wang, and Xin-Nian Wang,
 Phys.Rev.C 97, 3 (2018).

Wave function can be 
found in quark potential 
model

Normalized spin density matrix
element for 

Polarization of Baryons
Calculated using quark 
polarization and 
baryon wave function 
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Polarizations 
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Polarization of  

Polarization of      hyperon

00-element of spin density matrix for     mesons

Average over 
fireball volume and 
finite polarization 
time

Acceleration

XLS, L. Oliva, and Q. Wang, arXiv:1910.13684
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Electric field
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Au+Au, b=6 fm
      UrQMDAverage of       and

over the fireball volume

Peak value
fluctuations: lack of events
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Acceleration
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CLVisc 
Average over the freezeout hypersurface: 

L. Pang, Q. Wang, and X.-N. Wang, Phys. Rev. C 86, 024911 (2012)
L.-G. Pang, H. Petersen, and X.-N. Wang, Phys. Rev. C 97, 064918 (2018)

I. Karpenko and F. Becattini,
Eur. Phys. J. C 77, 4 (2017)

freezeout hypersurface,
projected onto x-y plane
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Mean-field
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Au+Au 200GeV

Can not be significantly 
larger / smaller than 1/3
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Vector meson field
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Strong interaction mediated by a scalar field 
and a vector field

Proposed in
L. P. Csernai, J. I. Kapusta, and T. Welle, Phys. Rev. C99, 021901 (2019)
to explain difference in polarizations of  
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Vector meson field
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Mean field of

Strangeness current

Contribution to         

Positive!
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Mean-field
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Beam-energy dependence of

XLS, L. Oliva, and Q. Wang, arXiv:1910.13684
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Mean-field
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Results shown at QM 2018
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Summary
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• Derived kinetic equations with spin corrections for 
massive fermions

• Found smooth connection between kinetic theories for 
massive fermions and for massless fermions

• Studied thermal equilibrium with spin, reproduced 
polarization of fermions in electromagnetic field and 
vortical field
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Summary
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• Derived 00-element of spin density matrix for     mesons, 
in which electric field and acceleration also contribute 

• A significant derivation from 1/3 for       maybe result of a 
mean field of     , instead of electromagnetic field or 
vorticity
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