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1. Spin dynamics in intermediate-energy HIC

- Probing nuclear spin-orbit interaction
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Spin-orbit coupling and spin dynamics



K. Morawetz, Phys. Rev. B, 2015

Different types of spin-orbit couplings
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Single-particle Hamiltonian from Skyrme interaction

Skyrme spin-orbit interaction:

Single-particle Hamiltonian:

time-even

time-odd

time-even

time-odd

Y.M. Engel et al., NPA (1975)
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,and are calculated from the test-particle method.



• Skyrme-Hartree-Fock model

• Relativistic mean field model
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P. G. Reinhard and H. Flocard, NPA, 1995

Hartree-Fock method

the isospin dependence of the SO potential

M. M. Sharma et al., Phys. Rev. Lett., 1995

kink of 

Pb isotopes

charge radii

q = n, p

the density dependence of the SO potential

J. M. Pearson and M. Farine, 

Phys. Rev. C 50, 185 (1994).

Strength = 80 ~ 150 MeVfm5
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spin effects on low-energy nuclear reactions

G.F. Dai, L. Guo, E.G. Zhao, 
and S.G. Zhou, Phys. Rev. C, 2014

A.S. Umar et al., Phys. Rev. Lett., 1986

J. A. Maruhn et al., Phys. Rev. C, 2006

P.G. Reinhard et al., Phys. Rev. C, 1988

Effects of spin-orbit coupling
illustrated by O16+O16 from TDHF:

Fusion threshold

Spin twist & time-odd terms



invited review, cover story

JX, B.A. Li, W.Q. Shen, and Y. Xia,
Front. Phys. (2015)

Boltzmann-Uehling-Uhlenbeck equation

test-particle method

C.Y. Wong, PRC 25, 1460 (1982)
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Density evolution in heavy-ion collisions
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test-particle method

Y. Xia, JX, B.A. Li, and W.Q. Shen, 
Phys. Lett. B (2016)

spin-dependent equations of motion
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Transverse flow  
sensitive to nuclear interaction 

ypx ~ Spin up-down differential transverse flow

reflects different transverse flows of 
spin-up and spin-down nucleons

Fud is sensitive to W0, the strength 
of the spin-orbit interaction.

spinUUU  0
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JX and B.A. Li
Phys. Lett. B (2013)



Measuring spin differential flows 

for neutrons and protons

Probing the isospin dependence

of the spin-orbit coupling

Measuring slope of spin differential flow 

for energetic nucleons at different Ebeam

Probing the density dependence

of the spin-orbit coupling



The transverse flow

attractive mean-field potential 

Spin up-down differential transverse flow

density gradient (surface)

repulsive NN scatterings

Energy and impact parameter dependence

angular momentum (current)

violent NN scatterings 
Y. Xia, JX, B.A. Li,  and W.Q. Shen, Phys. Rev. C (2014) 



System size dependence
Directed flow:

Spin up-down differential
directed flow:

heavier system

higher density, pressure

Larger v1

Surface effect

NN scatterings wash out spin effect



Effects of spin-orbit interaction on v2

Elliptic flow:

+: in-plane hydro
-: squeeze out

Spin splitting 
at large centralities

Dynamics more
complicated
than v1



Spin splitting 
at higher pT

Spin up-down differential
directed flow:

Spin up-down differential 
elliptic flow:

Both are sensitive probes of SO coupling!



Spin dynamics from QMD model

Effects of SO coupling
on spin dynamics
are robust and can 
be observed in 
different approaches.

C.C. Guo, Y.J. Wang, Q.F. Li, and F.S. Zhang, Phys. Rev. C 90, 034606 (2014)
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Spatial wave function: s-wave assumption

The multiplicity of a M-nucleon cluster 

R. Mattiello et al., 

Phys. Rev. Lett 1995

Phys. Rev. C 1997.

Statistical factor
Only asymmetric 
spin-isospin allowed 

the Wigner phase-space density of the M-nucleon cluster
W

3/8 ,d 
1/12, t
1/12, 3He



Wigner phase-space density
deuteron

Triton or Helium3

Internal wave function

RMS radiusInternal wave
function



L.W. Chen, B.A. Li, and C.M. Ko, NPA (2003)

reproduce experimental data from

Light cluster production from coalescence using Wigner function method

reasonably well

Suitable for loosely bound clusters

Suitable for rare particles:
Perturbative treatment
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Spin splitting of light clusters 
collective flows observed

Useful probe of SO coupling



Spin-dependent cross section 
from phase-shift analysis 
of NN scatterings in free space

Spin up-down differential flow 
not affected

Slightly affect the overall v2, especially for clusters

Y. Xia, JX, B.A. Li,  and W.Q. Shen, PRC (2017)



initial state

pre-equilibrium

QGP and
hydrodynamic expansion

hadronization

hadronic phase
and freeze-out

Top RHIC:
200 GeV

RHIC-BES:
7.7-39 GeV

NNs

~NNs

RHIC-BES:
Search for 
signals of 
critical point 
at finite μB!



Spin effects on relativistic heavy-ion collisions - chirality

Dirac equation for massless particles

D.E. Kharzeev, Prog. Part. Nucl. Phys., 2014 
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Chiral symmetry is restored at high μ and/or T



Equations of motion for massless particles
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M.A. Stephenov and Y. Yin, PRL (2012)

J.W. Chen, S. Pu, Q. Wang, and X.N. Wang, PRL (2013)

D.T. Son and N. Tamamoto, PRD (2013)

chiral kinetic equations

of motion (CEOM)

Phase-space 

volume changed

D. Xiao, J. Shi, and 

Q. Niu, PRL (2005)

Adiabatic 
approximation

Under a vector potential



CME, CSE, and CMW

Number 
density

Current 
density

4 types of particles：q=±1, c=±1

Chiral magnetic effect (CME)

Chiral separation effect (CSE)

dissipation

  02  LRLpt Dv 


Chiral magnetic wave (CMW)

K.E. Kharzeev and H.-U. Yee, 

PRD (2011)

Isotropic Fermi-Dirac 

distribution f



Box simulation of CME and CSE

Without scattering

With scattering

CME CSE

W.H. Zhou and JX, Phys. Rev. C 98, 044904 (2018) W.H. Zhou and JX, arXiv: 1904.01834 [nucl-th]
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 Divergent at too small k

M.A. Stephenov and Y. Yin, PRL (2012)

theoretical 
limit



Box simulation of CMW with CEOM

Electric quadruple moment

W.H. Zhou and JX, Phys. Rev. C 98, 044904 (2018)



Box simulation of CMW with SEOM vs CEOM
dashed: SEOM solid: CEOM

Electric quadruple moment

SEOM is less 
sensitive to the 
fast decay of eBy
compared with CEOM.

W.H. Zhou and JX, arXiv: 1904.01834 [nucl-th]

theoretical 
limit



CMW and v2(π
-)-v2(π

+) ~ Ach

Y, Burnier, D.E. Kharzeev, 

J.F. Liao, and H.U. Yee, 

PRL (2011)

STAR, PRL (2015)

The slope is negative with full CKM. CVE with full CKM doesn’t change the slope.

Y.F. Sun and C.M. Ko, PRC (2016) Y.F. Sun and C.M. Ko, PRC (2017)



An extended AMPT with chiral dynamics

(electro)magnetic field 
from spectator protons
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Chiral dynamics for partons
under vector potentials

Space-time 
evolution

QGP response

To be done: 
1) E with QGP response
2) EOM with vorticity



Space-time evolution of the magnetic field
In vacuum (σcon=0): In QGP (σcon>0):

Z.Z. Han and JX,

Phys. Lett. B 

786, 255 (2018) ;

Phys. Rev. C

99, 044915 (2019) 

Au+Au@200GeV
Au+Au@200GeV

Au+Au@39GeV

LQCD result:

assume

K. Tuchin, PRC (2016)



v2(x)-v2(x) ~ Ach
-

Z.Z. Han and JX, PRC (2019)

Linear fit around Ach~0

Negative slope due to the Lorentz force 
originated from the initial <kz/k>~x correlation
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Lorentz Force

Slope also affected by σcon and GV

Effective EB real EB

We can not obtain a positive slope as large as 3% observed experimentally.



Spin polarization in relativistic heavy-ion collisions
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vorticity lead to same          polarization)(

Y.F. Sun and C.M. Ko, Phys. Rev. C, 2017

H. Li, L.G. Pang, X.N. Wang, and X.L. Xia,

Phys. Rev. C, 2018

B. Betz et al., Phys. Rev. C, 2007 F. Becattini et al., Phys. Rev. C, 2013 



Splitting of quark-antiquark

spin polarizations from vector potential

Thermal limit:

  ssss ~,~,~,~

Smaller           spin polarization than         , 

consistent with exp data. Their splitting is 

sensitive not only to eBy but also to GV.

The large splitting at 7.7 GeV can not

be obtained in the thermal limit 

under maximum/initial eBy.

Z.Z. Han and JX,

Phys. Lett. B 786, 255 (2018)

)(s )(s



Splitting of quark-antiquark spin 

polarizations at 200 GeV

STAR, PRC (2018)

The experimentally observed small splitting seems to 
favor the space-time evolution of the magnetic field in vacuum.

Au+Au@200GeV

Z.Z. Han and JX, PRC (2019)



Summary of spin dynamics in HIC

• Low energy (TDHF): 

dissipation and internal spin excitation

• Intermediate energy (SIBUU, QMD): 

spin-dependent potential/flow

• Relativistic energy (AMPT, hydro): 

chiral dynamics, polarization

Thank you!
xujun@sinap.ac.cn, xujun@zjlab.org.cn
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