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• Part 1:
Chiral magnetic effect, Berry phase and kinetic theory

• Part 2:
Wigner functions and the master equations

• Part 3:
Quantum kinetic theory in massless limit and collisions

• Part 4:
Applications to heavy ion physics
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Part 3

Quantum kine-c theory in massless limit and collisions
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1. Solve quantum kinetic theory in gradient expansion
(1a) Gradient expansion
(1b) Leading order results and constrains from QKT
(1c) ℏ order results
(1d) ℏ" order results

2. Discussions on the solution of Wigner function
(2a) CME, CVE, energy-momentum tensor and chiral anomaly
(2b) Chiral kinetic theory
(2c) Lorentz transformation and side jump

3. Collision effects
(3a) Kadanoff-Baym equation
(3b) General solution of Wigner function with collisions
(3c) Collision term for QED in HTL approximation



Quantum kinetic theory and its applications in HIC, 浦实(中科大), 第十届华大QCD讲习班, CCNU, 2022

1. Solve quantum kine0c theory in gradient expansion
(1a) Gradient expansion

4
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Summary for master equa.ons of chiral fermions

+: right handed
-: left handed

• The master equations read,

• We assume the EM fields are constant
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• A common way to handle the equa1ons in many body
system is gradient expansion.

• Gradient expansion: We assume that a field A(x) changes
very slowly, i.e.

!"
"#$% ≪ %

where L is one characteris1c length (or 1me) of the system.

• A rough way to get the power of a term is to count the
number of !.

Gradient expansion
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• In relativistic hydrodynamics, L is the mean free path and
!~#$%&' is the Knudsen number.
• The energy-momentum tensor in the gradient expansion is
usually written as,

• Leading order is

• Next leading order is

Gradient expansion in relativistic hydrodynamics

Bulk pressure
Shear viscous tensor
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Gradient expansion VS ℏ expansion
• If we go back to the equa:ons for S(x,p),

we find the ℏ is always with the space-:me deriva:ves.
• For Wigner func:ons approaches, the gradient expansion is
equivalent to the ℏ expansion.
• EM fields appears at the order of ℏ.
• In general case (other systems), gradient expansion can be
independent to the ℏ expansion.
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• We expand the Wigner function in the power series of ℏ

and rewrite the master equations

Strategy

Contrac9ng p λ 
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Master equa+ons in the ℏ expansion

Constrain eq.

We can solve the third eq order by order.
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• With the fluid velocity vector u, for any vector A, we can
have,

• For a rank-2 an:-symmetric tensor, we can decompose it as

Some useful expressions (I)
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• We set the Levi-Civita tensor

Contrac2ng this 4-dim tensor is different with the one in 3-dim

Some useful expression (II)
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Decomposi+on of gradient u

<>: Traceless
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1. Solve quantum kine0c theory in gradient expansion
(1b) Leading order results and constrains from QKT

14
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• In the zeroth order of ℏ, we get

Zeroth order of ℏ

phase space distribu9ons of massless fermions at the zeroth order 

chemical poten9al with s = ±1 deno9ng 
the chirality u: fluid velocity
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Global equilibrium conditions

Killing condition for ideal fluid

Thermal vor:city

Global equilibrium condi:ons for a system under sta:c and uniform vor:city and 
electromagne:c field:

integrability condi:on 
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1. Solve quantum kine0c theory in gradient expansion
(1c) ℏ order results

17
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• We have set !(#) = &, which corresponds the normaliza7on 
of distribu7on func7on.
• Using eq.                                                                  

to get X(1)

Next-to-Leading order solu7ons
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Get X(1)

Global equilibrium conditions

Schouten identity 
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Next-to-Leading order solu4ons

+: right handed
-: le8 handed
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1. Solve quantum kine0c theory in gradient expansion
(1d) ℏ" order results

21
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• By the same reason, we set f(2)=0.
• We solve

to get X(2).

ℏ" order solu<ons



Quantum kinetic theory and its applications in HIC, 浦实(中科大), 第十届华大QCD讲习班, CCNU, 2022 23

ℏ" order solu*ons

S.-Z. Yang, J.-H. Gao, Z.-T. Liang, Q. Wang, Phys. Rev. D 102 (11) (2020) 116024  
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2. Discussions on the solution of Wigner function
(2a) CME, CVE, energy-momentum tensor and chiral

anomaly

24
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• The right and le. handed currents are given by integra5ng
over momentum.

• We can also get the following currents,

Vector and chiral currents fromWigner func5on

Vector current

Chiral current
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• Vector current

• Chiral (axial vector) current

• The leading order currents are consistent with those for
ideal gas or ideal fluid.

Leading order currents

Charge number density

Axial charge number
density



Quantum kinetic theory and its applications in HIC, 浦实(中科大), 第十届华大QCD讲习班, CCNU, 2022 27

• In (magneto-)hydrodynamics, we usually decompose Fμν into 
the electric and magnetic vectors, 

with

• Vector current

• Chiral current

• We derive the CME and CVE from Wigner functions

CME and CVE

CMECVE

Gao, Liang, SP, Wang, Wang, PRL 2012
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• We can decompose the vorticity tensor into the electric and 
magnetic parts 

• Vector current

• Chiral current

Currents in the order of ℏ"

Coefficients can be found in
S.-Z. Yang, J.-H. Gao, Z.-T. Liang, Q. Wang, Phys. Rev. D 102 (11) (2020) 116024  
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Energy-momentum tensor up to !(ℏ$)

Gao, Liang, SP, Wang, Wang, PRL 2012

Energy density
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Energy-momentum tensor up to !(ℏ$)

A1er the renormaliza7on, it can verify
the trace anomaly

S.-Z. Yang, J.-H. Gao, Z.-T. Liang, Q. Wang,
Phys. Rev. D 102 (11) (2020) 116024  
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Chiral anomaly and conservation laws
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2. Discussions on the solution of Wigner function
(2b) Chiral kinetic theory

32
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• In above discussion, we consider the !" as the distribu3on
func3on at equilibrium.

• In general, the !" can be an arbitrary distribu3on. But, general
form for the solu3ons of Wigner func3on holds.

See. the study from an arbitrary distribu3on !"

and Disentanglement of chiral Wigner func3ons (DWF) theorem:

J.-H. Gao, Z.-T. Liang, Q. Wang, X.-N. Wang, PRD 98 (3) (2018) 036019 

Comments on f0

Y. Hidaka, SP, D.L. Yang, PRD(RC) (2017)
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• By an integra-on of above result over p0 in the range [0, ∞),
we can get the classical Boltzmann equa-on

• v = p/Ep is the velocity of the fermion. 

Zeroth order - classical kine-c equa-on
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• We can add the zeroth and first order equa3ons together

Next to leading order – CKT (I)

Zeeman effect
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• We can add the zeroth and first order equa3ons together

• By an integra3on of above result over p0 in the range [0, ∞),
we can get the chiral kine3c theory for on-shell par3cles

Next to leading order – CKT (II)

Effec3ve velocity

Effec3ve electric field
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Next to leading order – CKT (III)

Effec9ve velocity

Effec9ve electric field

• In the quantum field theory at finite temperature or condensed maCer systems,
the energy of a single par9cle may depend on space-9me.

• e.g. in QFT at finite temperature, with interac9ons, the mass becomes Debye
mass, which is a integra9on of moment of distribu9ons f(x,p) over
momentum.

• In condensed maCer, if we set a space-9me dependent poten9al V(t,x), then
par9cle’s energy is modified by the V(t,x) and becomes space-9me
dependent.
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Next to leading order – CKT (IV)

Effective velocity

Effective electric field
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Next to leading order – CKT (V)

Effec9ve velocity

Effec9ve electric field
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2. Discussions on the solution of Wigner function
(2c) Lorentz transformation and side jump

40
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Non-trivial Lorentz transforma3on

• The subgroup for Lorentz group for massless fermions and
massive fermions are different.

Chen, Son, Stephanov, PRL, (2015); Y. Hidaka, SP, D.L. Yang, PRD (2016)

Massive particles: 
(Rest frame)

Subgroup: SO(3)

Massless particles: 
(No rest frame)

Subgroup: ISO(2)
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• Let us consider a current

• It is obviously that classical distribu5on func5on is a scalar.

Distribu5on func5on in classical theory

four
vector

four
vector

Lorentz
invariant

scalar
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• General discussion following Weinberg’s textbook.
• We start from a spinor

• The wave func>on in free case is given by

• Then, we consider the infinitesimal Lorentz transforma>on 

Wave func>on under Lorentz transforma>on (I)
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• Under the infinitesimal Lorentz transformation, we know
the standard results

• However, we can also compute the wave function directly
under the transformation,

where there is an extra phase factor,

• The Lorentz transformation for massless fermions gives an
extra phase.

Wave function under Lorentz transformation (II)



Quantum kinetic theory and its applications in HIC, 浦实(中科大), 第十届华大QCD讲习班, CCNU, 2022 45

• For simplicity, we neglect the EM fields,

• Under Lorentz transforma=on,

which means

Recalling the defini=on for distribu=on func=on

For massless fermions, the distribu=on func=on up to !(ℏ$) is
not a scalar.

General discussion for f

Y. Hidaka, SP, D.L. Yang, PRD(RC) (2017)
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• Let us focus on the non-trivial terms in the solutions of
Wigner function

where u is the frame vector in frame F.
• Next, let us consider another frame F’, whose frame vector is
u’ at the original frame F. We assume that the distribution
function in F’ becomes to f’

• Now, we consider the inverse transformation from F’ to F.

Side-jump (I)
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Side-jump (II)

Y. Hidaka, SP, D.L. Yang, PRD(RC) (2017)
J.-H. Gao, Z.-T. Liang, Q. Wang, X.-N. Wang, PRD 98 (3) (2018) 036019 
Also see:
Duval, Elbistan, Horváthy, Zhang, Phys. LeY. B 742 (2015) 322
Stone, Dwivedi, Zhou, Phys. Rev. LeY. 114 (21) (2015) 210402 

• If we choose u=(1,0) and u’=(1,β), under the infinitesimal 
Lorentz transform 

It is the side-jump in condensed matter physics.
Chen, Son, Stephanov, Yee, Y. Yin, PRL 2014
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3. Collision effects
(3a) Kadanoff-Baym equation 

48
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• S: full propagator
• S0: free propagator
• !: self energy

Dyson-Schwinger equa:on in CTP

= + "! + "! "! + …
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• We rewrite the S in CTP and get

• Similar to the QFT at zero temperature, the free parts of 
retarded and advanced propagators satisfy

which leads to

EquaCon of moCon for S (I)
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• The retarded and advanced func0ons are further 
decomposed into

• we obtain the quantum kine0c equa0on with collisions in 
coordinate space, 

Equa0on of mo0on for S (II)
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• To consider the gauge link, we consider the following gauge-
invariant product, 

• Let us consider the Wigner transformation of the above
product 

Gauge link in Wigner transforma?on (I)

L represents the closed path: 
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• A$er a long calcula.on, we can get

• Up to !(ℏ), the Moyal product is expanded as 

Gauge link in Wigner transformation (II)
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• A$er performing the Wigner transforma4on of the
equa4ons of mo4on for S and adding the gauge linke, we
can get

Kadanoff-Baym equa4on 

Note that, in the above equa4ons, S is gauge invariant full propagator.
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CKT with collisions
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3. Collision effects
(3b) General solution of Wigner function with collisions

56
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CKT with collisions
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• For S<, we find

• For S>, one simply needs to replace f by (1 − f).
• The CKT becomes

CKT with collisions up to !(ℏ)

Y. Hidaka, S. Pu, D.-L. Yang, PRD(RC), 2017
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3. Collision effects
(3c) Collision term for QED in HTL approxima;on

59



• Collision term with quantum correc1ons
Weickgenannt, Sheng, Speranza, Wang, Rischke, PRD (2019); PRL (2021)
HaFori, Hidaka, Yang, PRD100, 096011 (2019); Yang, HaFori, Hidaka, arXiv: 
2002.02612.
Liu, Mameda, Huang, arXiv:2002.03753.
Wang, Guo, Shi, Zhuang, PRD100, 014015 (2019); Wang, Guo, Zhuang, EPJC
(2021);Wang, Zhuang, arXiv:2105.00915
Li ,Yee, PRD100, 056022 (2019)
Hou, Lin, arXiv: 2008.03862; Lin, arXiv: 2109.00184
Fang, SP, Yang, PRD (2022)
Z.Y. Wang, arXiv:2205.09334; Lin, Wang, arXiv:2206.12573

Recent reviews:
Gao, Ma, SP, Wang, NST 31 (2020) 9, 90
Gao, Liang, Wang, IJMPA 36 (2021), 2130001
Hidaka, SP, Yang, Wang, arXiv:2201.07644 

Quantum kinetic theory (massive fermions)
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• An example for collision kernel of NJL type interac5ons:

Collisional kernel

Sheng, Weickgenannt, Speranza, Rischke, Wang PRD (2021)

Eq. for Par5cle

distribu5on

func5on

Eq. for Spin

distribu5on

func5on

Perturbative

Correction to

Ordinary terms

Non-local terms related to the space derivatives may

be the key to describe the spin-orbital transformation.
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• Theory: 
• Collison kernel needs to be further simplified. 

• Simula:ons: it is changeling to simulate the QKT:
• Collison kernel is high dimensional integrals. 
• One needs to consider the non-local terms.

• Usually, to solve kine:c theory, one can use the cross sec:on +
MC sampling instead of integra:ng the collision kernel. But, it
would fail in quantum kine:c theory with collisions.

• We may need to face the high dimensional integra:ons in
collision kernel.

Challenge the collisional kernel

62



Theory: Collisions for gauge fields and spin polarization (I)

• We have derived collision kernel for QED in HTL approximation.

• For the first time, the real QED type collision kernel for axial part:

Quantum kinetic theory and its applications in HIC, 浦实(中科大), 第十届华大QCD讲习班, CCNU, 2022

S. Fang, SP, D.L. Yang, PRD (2022)

Eq. for ParNcle
distribuNon funcNon

Eq. for Spin
distribuNon funcNon

63



Theory: Collisions for gauge fields and spin polariza6on (II)

• We have proved that dynamical spin polarization for a probe is 
much slower than its thermalization.

Also see Wang, Guo, Zhuang, EPJC (2021);Wang, Zhuang, arXiv:2105.00915

• We also derive the Boltzmann equation for spin evolution:
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S. Fang, SP, D.L. Yang, PRD (2022)

Spin polariza6on 6me

Thermaliza6on 6me

64
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Chiral magne/c effect, Berry phase and kine/c theory

• Part 2:
Wigner func/ons and the master equa/ons

• Part 3:
Quantum kine/c theory in massless limit and collisions

• Part 4:
Applica/ons to heavy ion physics

Outline
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Part 4

Applications to heavy ion physics
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1. Spin polariza8on in rela8vis8c heavy ion collisions
2. Recent development on QKT
3. Applica8ons to spin polariza8on



1. Spin polariza-on in rela-vis-c heavy ion collisions
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Huge angular momentum
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• Huge global orbital angular 
momenta are produced 

• How do orbital angular momenta 
be transferred to the ma6er 
created? 
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Barnet effects and Einstein-de Hass effects

Quantum kinetic theory and its applications in HIC, 浦实(中科大), 第十届华大QCD讲习班, CCNU, 2022

Barne/ effect:
Rota4on ⟹ Magne4za4on 
Barne&, Magne*za*on by rota*on,
Phys Rev. (1915) 6:239–70. 

Einstein-de Haas effect:
Magnetization ⟹ Rotation
Einstein, de Haas, Experimental proof of the 
existence of Ampere’s molecular currents. 

Verh Dtsch Phys Ges. (1915) 17:152. 

Figures: copy from paper doi: 10.3389/fphy.2015.00054 
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Global orbital angular momentum in HIC

• Global orbital angular momentum leads to the polariza7ons 
of Λ hyperons and vector mesons through spin-orbital 
coupling.
Liang and Wang, PRL 94,102301(2005); PLB 629, 20(2005)
Gao, Chen, Deng, Liang, Wang, Wang, PRC (2008)
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Global Polariza*on of Λ and "Λ
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• The lower energy, the stronger polarization
effects.

• ω = (9 ± 1)x1021/s, greater than previously 
observed in any system. 

Liang, Wang, PRL (2005) 
Betz, Gyulassy, Torrieri, PRC (2007) 
Becattini, Piccinini, Rizzo, PRC (2008)                             
Becattini, Karpenko, Lisa, Upsal, Voloshin, PRC (2017)
Fang, Pang, Q. Wang, X. Wang, PRC (2016)
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Global Polariza*on from different models

Quantum kinetic theory and its applications in HIC, 浦实(中科大), 第十届华大QCD讲习班, CCNU, 2022

Karpenko, Beca-ni, EPJC(2017)

Wei, Deng, Huang, PRC(2019)

Li, Pang, Wang, Xia PRC(2017)

Shi, Li, Liao, PLB(2018) 

Xie, Wang, Csernai, PRC(2017)

Sun, Ko, PRC(2017)
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Global Polariza*on from different models

Quantum kinetic theory and its applications in HIC, 浦实(中科大), 第十届华大QCD讲习班, CCNU, 2022

B.C. Fu, K. Xu, X.G. Huang, H.C. Song, 
Phys. Rev. C 103, 024903 (2021)

S. Ryu, V. Jupic, C. Shen, 
arXiv:2106.08125 

Y.X. Wu, C. Yi, G.Y. Qin, SP
arXiv:2204.02218
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Local Polariza*on 

Quantum kinetic theory and its applications in HIC, 浦实(中科大), 第十届华大QCD讲习班, CCNU, 2022

• Exp data:

!" in-plane > !" out-of-plane

• Simula*ons:

!" out-of-plane > !" in-plane
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Local Polariza+on alone beam direc+on

Quantum kinetic theory and its applications in HIC, 浦实(中科大), 第十届华大QCD讲习班, CCNU, 2022

UrQMD : Becattini, Karpenko, PRL (2018)

AMPT: Xia, Li, Tang, Wang, PRC (2018)

Sign problem in polariza+on. 
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Feed-down effects: NO!

• Feed-down effects 
Lambda may come from decays of heavier par<cles 

Quantum kinetic theory and its applications in HIC, 浦实(中科大), 第十届华大QCD讲习班, CCNU, 2022

Xia, Li, Huang, Huang PRC(2019) Becattini, Cao, Speranza, EPJC(2019)
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• Spin hydrodynamics
Florkowski, Friman, Jaiswal, Ryblewski, Speranza (2017-2018); 
Montenegro, TinF, Torrieri (2017-2019);
HaIori, Hongo, Huang, Matsuo, Taya PLB(2019) ; arXiv: 2201.12390; arXiv: 2205.08051
Fukushima, SP, Lecture Note (2020); PLB(2021); Wang, Fang, SP, PRD(2021); Wang, Xie,
Fang, SP, PRD (2022)
S.Y. Li, M.A Stephanov, H.U Yee, arXiv:2011.12318
D. She, A. Huang, D.F. Hou, J.F Liao, arXiv: 2105.04060

• Quantum kineFc theory for massive fermions and collisions
Weickgenannt, Sheng, Speranza, Wang, Rischke, PRD 100, 056018 (2019)
HaIori, Hidaka, Yang, PRD100, 096011 (2019); Yang, HaIori, Hidaka, arXiv: 2002.02612.
Liu, Mameda, Huang, arXiv:2002.03753.
Gao, Liang, PRD 2019
Wang, Guo, Shi, Zhuang, PRD100, 014015 (2019)；Z.Y. Wang, arXiv:2205.09334;
Li ,Yee, PRD100, 056022 (2019)
Hou, Lin, arXiv: 2008.03862; Lin, arXiv: 2109.00184; Lin, Wang, arXiv:2206.12573
Fang, SP, Yang, PRD (2022)

• Other approaches:
• Side-jump effect Liu, Sun, Ko PRL(2020)
• Mesonic mean-field Csernai, Kapusta, Welle, PRC(2019)
• Using different vorFcity Wu, Pang, Huang, Wang, PRR (2019) 

Different approaches
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3. Applica)ons to spin polariza)on

Quantum kinetic theory and its applications in HIC, 浦实(中科大), 第十届华大QCD讲习班, CCNU, 2022 78



Modified Cooper-Frye formula

Quantum kinetic theory and its applications in HIC, 浦实(中科大), 第十届华大QCD讲习班, CCNU, 2022

Karpenko, F. Beca/ni, Eur. Phys. J. C 77 (2017) 213
R.-H. Fang, L.-G. Pang, Q. Wang, X.-N. Wang, Phys. Rev. C94, 024904 (2016) 

Thermal
vor4city

Distribu4on
func4on: f0

Freezeout surface
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Local polarization from different vorticities

中国物理学会高能物理分会第十三届全国粒子物理学术会议, 2021.08.16, 浦实(中科大), Spin hydrodynamics

Kinema4c vor4city: 

T-vor4city: Thermal vor4city:

• Only T-vor4city gives the right trend for both Pz and Py
• Why T-vor4city? Out-of-equilibrium effects?

Non-Rela4vis4c vor4city

Wu, Pang, Huang, Wang, PRR 1, 033058(2019) 
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Local polarization from different vorticities

中国物理学会高能物理分会第十三届全国粒子物理学术会议, 2021.08.16, 浦实(中科大), Spin hydrodynamics

Kinema4c vor4city: 

T-vor4city: Thermal vor4city:

• Only T-vor4city gives the right trend for both Pz and Py
• Why T-vor4city? Out-of-equilibrium effects?

Non-Relativistic vorticity

Wu, Pang, Huang, Wang, PRR 1, 033058(2019) 
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• The polariza+on tensor is connected to the axial current in phase space by
modified Cooper-Frye formula
Karpenko, Beca?ni, EPJC. (2017); Fang, Pang, QW, Wang, PRC (2016) 

• For massless fermions, the leQ and right handed currents read

Polariza+on and axial current

Quantum kinetic theory and its applications in HIC, 浦实(中科大), 第十届华大QCD讲习班, CCNU, 2022

+: right
-: leQ

Y. Hidaka, SP, and D.L. Yang, Phys. Rev. D97, 016004 (2018)
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Polarization induced by different sources

• Axial currents can be decomposed as

Quantum kinetic theory and its applications in HIC, 浦实(中科大), 第十届华大QCD讲习班, CCNU, 2022

where they are related to:

Thermal vor;city

Shear viscous tensor

Fluid accelera;on

Gradient of
chemical potential

Electromagnetic fields

Y. Hidaka, SP, D.L. Yang, PRD97, 016004 (2018); C. Yi, SP, D.L. Yang, PRC 2021
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Out-of-equilibrium correc/ons

• Polariza/on vector

• Polariza/on induced by thermal vor/city, shear viscous
tensor and residual part of fluid accelera/on

Quantum kinetic theory and its applications in HIC, 浦实(中科大), 第十届华大QCD讲习班, CCNU, 2022

C. Yi, SP, D.L. Yang, PRC 2021
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Shear induced polarization

• Shear induced polarization draws some attentions.
• Shear induced Polarization from massless fermions (Theory):

Y. Hidaka, SP, and D.L. Yang, PRD97, 016004 (2018);
• Shear induced Polarization from massive fermions:

• Theory:
S. Y. F. Liu, Y. Yin, 2103.09200
F. Becattini, M. Buzzegoli, A. Palermo, 2103.10917
• Hydrodynamic simulations:
B. Fu, S. Y. F. Liu, L. Pang, H. Song, Y. Yin, 2103.10403 
F. Becattini, M. Buzzegoli, A. Palermo, G. Inghirami, I. Karpenko, 
2103.14621
C. Yi, SP, D.L. Yang, PRC 2021

• Global polarization induced by shear and gradient of chemical
potential

S. Ryu, V. Jupic, C. Shen, arXiv:2106.08125

Quantum kinetic theory and its applications in HIC, 浦实(中科大), 第十届华大QCD讲习班, CCNU, 2022 85



s quark scenario: why it works?

中国物理学会高能物理分会第十三届全国粒子物理学术会议, 2021.08.16, 浦实(中科大), Spin hydrodynamics 86

B. Fu, S. Y. F. Liu, L. Pang, H. Song, Y. Yin, PRL 2021



Isothermal local equilibrium

中国物理学会高能物理分会第十三届全国粒子物理学术会议, 2021.08.16, 浦实(中科大), Spin hydrodynamics

F. Beca(ni, M. Buzzegoli, A. Palermo, G. Inghirami, I. Karpenko, 
2103.14621

All gradient of temperature are neglected!
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Local spin polarization induced by shear tensor

Polarization along out-of-plane direction

S quark only

S quark only

Lambda only

Lambda only

Polariza9on along beam direc9on



Main result for shear induced polariza2on

Quantum kinetic theory and its applications in HIC, 浦实(中科大), 第十届华大QCD讲习班, CCNU, 2022

We found that
• Shear induced polarization always give a “correct” sign.
• Total local polarization is sensitive to mass of s quark, EoS,

freeze out temperature and eta / s.

• The local spin polarization is still an open question. We still
need to consider the out-of-equilibrium effects carefully
through the spin hydrodynamics and the quantum kinetic
theory with collisions.

Yi, Pu, Yang, PRC (2021)

89



Quantum kinetic theory and its applications in HIC, 浦实(中科大), 第十届华大QCD讲习班, CCNU, 2022

• “Spin Hall effect”: polariza2on induced by the gradient of chemical poten2al

• We study the polariza2on at RHIC beam energy scan energies via the (3+1)-

dimensional CLVisc hydrodynamics model with AMPT and SMASH ini2al 

condi2ons. The results depend on ini2al condi2on and baryon diffusion. 

Simula2ons for spin Hall effects

X.Y. Wu, C. Yi, G.Y. Qin, SP, arXiv:2204.02218, accepted by PRC
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From AMPT

Initial condition

From SMASH

Initial condition



Quantum kinetic theory and its applications in HIC, 浦实(中科大), 第十届华大QCD讲习班, CCNU, 2022

• Electromagne,c fields make the differences between Λ and Λ_bar

• Collisional effects to modified Cooper-Frye formula
Fang, SP, Yang, PRD (2022)
Z.Y. Wang, arXiv:2205.09334
Lin, Wang, arXiv:2206.12573

• Correc,ons from spin poten,al to modified Cooper-Frye formula
Liu, Huang, arXiv: 2109.15301

• Hadroniza,on

• Hadronic interac,on aYer chemical freezeout

Other possible correc,ons
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Helicity polarization 

Gao PRD (2021)



Quantum kinetic theory and its applications in HIC, 浦实(中科大), 第十届华大QCD讲习班, CCNU, 2022 93

• Helicity polariza/on polariza/on can also induced by thermal, shear and
fluid accelera/on. Yi, Pu, Gao, Yang, PRC (2022)

• Our numerical simula/on shows that the thermal vor/city dominates over
other contribu/ons in helicity polariza/on. The helicity polariza/on can be
used to detect the vor/cal structure in the fireball.

Helicity polariza/on from QKT 

Contribu/on from thermal vor/city Total helicity polariza/on



Quantum kinetic theory and its applications in HIC, 浦实(中科大), 第十届华大QCD讲习班, CCNU, 2022

• Shear induced polarization always give a “correct” sign.

• Total local polarization is very sensitive to EoS, freeze out
temperature and eta / s.

• The local spin polarization is still an open question. We still
need to consider the out-of-equilibrium effects carefully
through the spin hydrodynamics and the quantum kinetic
theory with collisions.

What we get for spin polarization?
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Summary

Quantum kinetic theory and its applications in HIC, 浦实(中科大), 第十届华大QCD讲习班, CCNU, 2022 95



Thank you for your +me!
!"#$%&'
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Backup
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