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Non central collision creates fireball with large OAM


Some part can be transferred from orbital to spin


Conservation Jini = Lini = Lfinal + Sfinal
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Spin Polarization
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Barnett effect Einstein-de Haas effect
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• Measurable through weak decay of Λ

• Experimentally observed global  polarization. Λ

• Spin alignment with angular momentum of 
the emitting system
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Spin enslaved by thermal vorticity
AP. 338 (2013) 32-49 ; PRC94 (2016), 024904

AMPT, UrQMD, PICR hydro, CKT+collisions
PRC 96, 054908(2017); EPJC 77, 213(2017); 
PRC 95, 031901(2017); PRC 96, 024906 (2017) 
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Global Polarization Local polarization

Non-equilibrium effect : collisional
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Spin Polarization

PRL 127, 142301 (2021) ; JHEP 07, 188 (2021);  
PRL 127, 272302  (2021) ; PLB 820,136519 (2021); 

Shear-induced polarization : Correct trend 

Eos, initial condition sensitivity 
PRC 104, 064901(2021);  PRC 105, 064909 (2022)  

“Spin sign
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Shear flow : particle redistribution
Shear tensor ->   redistribution of particles  


->   off-equilibrium contribution to energy-momentum tensor

->   shear viscosity

f → f + δf

P. B. Arnold, G. D. Moore and L. G. Yaffe,
JHEP 01, 030 (2003)
JHEP 11, 001 (2000)
JHEP 05, 051 (2003)

redistribution of quark & photon to leading logarithmic(LL) order 

χp, γp ∝
β2p2

e4 ln e−1 δf ∝
1

e4 ln e−1
∝ τ

δfp = fp(1 − fp)Ip
ijσij χp

δf̃p = f̃p(1 + f̃p)Ip
ijσijγp

QED plasma with  flavor massless fermions in a shear flow  Nf
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(@t + p̂ ·rx)fp =CCoul,f [2 $ 2] + CComp,f [2 $ 2] + Canni,f [2 $ 2]

(@t + p̂ ·rx)f̃p =CComp,� [2 $ 2] + Canni,� [2 $ 2]
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@tf + p̂ ·rf = C[2 $ 2] ⇠ e4 ln e�1�fLHS: ∼ ∂f

f → f + δf

RHS : ∝ δf
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Eugene Wigner Leo Kadanoff Gordon Baym

S(x, y) = S0(x, y) +

Z
d4zd4wS0(x,w)⌃(w, z)S(z, y)

= S0(x, y) +

Z
d4zd4wS(x,w)⌃(w, z)S0(z, y)
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Dyson Schwinger equation

Wigner transformation S(X, p) =
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d4ueip·u/~S
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Kadanoff-Baym equation

Keldysh contour
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Quantum transport theory
D.L.Yang, K.Hattori and Y.Hidaka, JHEP 07, 070 (2020) 
S.Lin, PRD 105, 076017 (2022) 
Y.Hidaka, S.Pu, Q.Wang and D.L.Yang, Prog.Part.Nucl.Phys127, 103989 (2022)
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Development in recent years
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Spin 1/2: 

CME,  polarization,  alignmentΛ ϕ, K*0

Spin 1: 

Zilch effect,  spin alignment

Photon, Vector meson

ϕ, K*0
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A. Derivative term is not enough
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Aµ = 2⇡�(P 2 �m2)
⇣
aµfA + Sµ⌫

n,m(@⌫fV + ⌃>
V ⌫fV � ⌃<

V ⌫ f̄V )
⌘

derivative

included in phenomenology

？ ？ 

K.Hattori, Y.Hidaka and D.L.Yang, Phys.Rev.D 100, 096011 (2019)
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Massless
Lorentz covariance + Angular momentum conservation 

 side-jump + 2-by-2 collision PK → P′ K′ 

<latexit sha1_base64="bbiC+fgCiTfOe+ecP89fM3c2Ayk="></latexit>

��̄µ ⌘ ��µ
n̄n = �

✏µ↵��P↵n̄�n�

2(P · n)(P · n̄)
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✏µ⌫↵�P↵n�

2P · n
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C� =|M|2(2⇡)4�(P +K � P 0 �K 0)

⇥
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f�
n̄ (P

0)f�
n̄ (K

0)(1� f�
n̄ (P ))(1� f�

n̄ (K))� (P,K $ P 0,K 0)
⇤

Helicity

Spin tensor

Collision kernel 

Side-jump

Lorentz covariant current in frame  nμ
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Jµ
� = Pµf� + �Sµ⌫

n @⌫f� + �

Z

KK0P 0
C��̄µ

Axial-vector current
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Aµ = Jµ
+ � Jµ

�
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Aµ = 2⇡�(P 2)
⇣
PµfA + Sµ⌫

n (@⌫fV + ⌃>
V ⌫fV � ⌃<

V ⌫ f̄V )
⌘

J.Y.Chen, D.T.Son and M.A.Stephanov, Phys.Rev.Lett.115, 021601 (2015)
Y.Hidaka, S.Pu and D.L.Yang, Phys.Rev.D 95, 091901 (2017)

Massive K.Hattori, Y.Hidaka and D.L.Yang, Phys.Rev.D 100, 096011 (2019)
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Aµ = 2⇡�(P 2 �m2)
⇣
aµfA + Sµ⌫

n,m(@⌫fV + ⌃>
V ⌫fV � ⌃<

V ⌫ f̄V )
⌘

Dynamical

Pauli-Lubanski vector


Determine from kinetic equation

Non-dynamical

Magnetization current 

Depends on collisional effects

Determine both dynamical and collisional effect
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Sµ⌫
n,m@⌫fV
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Sµ⌫
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V ⌫ f̄V )
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aµfA dynamical

collisional effect

included in phenomenology<latexit sha1_base64="aC2asWMq+73Ae8W3qFFHzTwzVBM="></latexit>

Sµ⌫
n,m =

✏µ⌫↵�P↵n�

2(P · n+m)

A. Derivative term is not enough
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B. Collisional effect

collisional effect
<latexit sha1_base64="Ap1HyXWAYlbBNnv5jJRX3BPtyIU="></latexit>

Aµ = 2⇡�(P 2 �m2)
⇣
aµfA + Sµ⌫

n,m(@⌫fV + ⌃>
V ⌫fV � ⌃<

V ⌫ f̄V )
⌘

vanishing for vorticity, non-vanishing for shear due to the redistribution  
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⌃>
V ⌫fV � ⌃<

V ⌫ f̄Vand are comparable

coupling cancels out
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⌃>
V ⌫fV � ⌃<

V ⌫ f̄V ⇠ e4 ln e�1�f

δf ∝
1

e4 ln e−1
∝ τ

dissipative 

does not depend on relaxation time

<latexit sha1_base64="ExCr0U0HXGzn7l4S0g+pCU0zzBg="></latexit>

⇠ 1

⌧
�f



9

B. Collisional effect
Evaluate 

Coulomb LL: 


Compton suppressed: 

e4 ln
1
e

e4 ln
T
m

<latexit sha1_base64="pNth0vShuFFN+4yEioY5vFNUXHc="></latexit>

\⌃prob
V µ fP ⌘ ⌃>

V µfP � ⌃<
V µf̄P

<latexit sha1_base64="RAytqyD6q+tpc9Kt+zQ47wvVUww="></latexit>
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P 0
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P
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K

Probe fermion


m ≫ eT

P, K ∼ T

Medium fermion

 
m = 0

P′ , K′ ∼ T

Soft photon Q < < P

① Non-eq probe + non-eq Medium


② Eq probe + non-eq medium


③ Eq probe + eq medium  

 redistribution ∝ δf
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Z
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1

(Q2)2
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�
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�

Non-eq probeNon-eq Medium
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B. Collisional effect

 Eq probe + eq medium  
<latexit sha1_base64="pNth0vShuFFN+4yEioY5vFNUXHc="></latexit>

\⌃prob
V µ fP ⌘ ⌃>

V µfP � ⌃<
V µf̄P
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p/T

N
Σ/
N

∂

m/T = 0
m/T = 0.3
m/T = 1
m/T = 5

medium and probe fermion redistribution

 Non-eq probe + non-eq medium

p/T ≫ 1, NΣ/N∂ → 1/2

0 2 4 6 8 10 12 14
-2.0
-1.5
-1.0
-0.5
0.0

0.5

1.0

1.5

p/T

N
Σ/
N

∂
m/T = 0
m/T = 0.3
m/T = 1
m/T = 5

medium fermion redistribution

 Eq probe + non-eq medium

p/T ≫ 1, NΣ/N∂ → 0

Ratios: NΣ/N∂
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?u
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⌫⇠f 0

PN@ Derivative
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V P fP = 2⇡�P

✏µ⌫↵�P↵
?u

�

2P · u P?⇠�
⌫⇠f 0

PN⌃ Collisional effect

<latexit sha1_base64="Ap1HyXWAYlbBNnv5jJRX3BPtyIU="></latexit>

Aµ = 2⇡�(P 2 �m2)
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V ⌫ f̄V )
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C. Dynamical Part

dynamical: from frame dependence & kinetic equation

collisional effect

From non-equilibrium medium and/or probe fermion

derivative, included in phenomenology
<latexit sha1_base64="Ap1HyXWAYlbBNnv5jJRX3BPtyIU="></latexit>

Aµ = 2⇡�(P 2 �m2)
⇣
aµfA + Sµ⌫
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V ⌫ f̄V )
⌘

 ？
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C. Dynamical Part - 1

 is frame independent𝒜μFix the dynamical part from frame dependence

<latexit sha1_base64="AAqGvvqDtWuWBHOzFTNyI1gPrNA="></latexit>

D⌫fV = @⌫fV + \⌃V ⌫fV
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Aµ = 2⇡�(P 2)
⇣
PµfA + Sµ⌫

n D⌫fV
⌘

Massless Massive

Frame dependences in spin and orbital cancel
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Pµ(f 0
A � fA) = (Sµ⌫

n � Sµ⌫
n0 )D⌫fVframe         :

<latexit sha1_base64="mxwblcosIACRDIey1kCecyLkTbo="></latexit>

nµ, n
0
µ
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fA =
✏µ⌫↵�u⌫P↵n�P ⇠�µ⇠

2P · n
A3

P · u
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Nµ

<latexit sha1_base64="RSFCyue2UsaeEWUCk5HC5Amya8U="></latexit>

Aµ = 2⇡�(P 2 �m2)
⇣
aµfA + Sµ⌫

n,mD⌫fV
⌘

Correct :    has the correct massless limit


                 satisfies the constraint 

Nμ fA
aμ P ⋅ a = P2 − m2 = 0

<latexit sha1_base64="7UBe/WiujRkMYgJNUFS0bBK0g3E="></latexit>

aµfA = m
⇣
1�

2T c
3p

p

⌘✏µ⌫↵�P↵u�

2(P · u)2
f 0
PP

⇠�⇠⌫ +O(m2)

Fix dynamical part in frame  to leading order of  :uμ m

Determine full solution of  from kinetic equationaμfA
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C. Dynamical Part - 2
The static dynamical part — detailed balance 

<latexit sha1_base64="RSFCyue2UsaeEWUCk5HC5Amya8U="></latexit>

Aµ = 2⇡�(P 2 �m2)
⇣
aµfA + Sµ⌫

n,mD⌫fV
⌘

Find the solution for  that eliminates the collision term


subtracting orbital part  , giving the dynamical part 

Nμ

Sμν
n,m𝒟ν fV aμfA

Nμ
<latexit sha1_base64="kBURZoHjuFPtfYVShg2CMnw5H78="></latexit>

+
1

2
✏⇢��µ(⌃̄

⇢
V + ⌃⇢

V )
\⌃�
V V�

<latexit sha1_base64="y9+MnXQzMwTq5u1LmNyYpcHDJ/E="></latexit>

p · @Aµ = �pµ \⌃A⌫V⌫ + p⌫ \⌃AµV⌫ +m\⌃SAµ + p⇢ \⌃⇢
V Aµ � 1

2
✏µ⌫⇢�(@

� \⌃⌫
V )V⇢ +

m

2
✏⇢��µ \⌃⇢�

T V�

<latexit sha1_base64="agJq3mtQRr1WgC3an+EVX9l/ras="></latexit>

⇠ @f
<latexit sha1_base64="rPCFF97b0zsXi1ych3bC2vU6+JY="></latexit>

⌃>
V ⌫fV � ⌃<

V ⌫ f̄V ⇠ e4 ln e�1�f

was neglected

same order considering redistribution in shear
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C. Dynamical Part - 3

<latexit sha1_base64="oAuPuJx54AcWgte03zFW3RvLHso="></latexit>

P 0

<latexit sha1_base64="CpJYZrJmDB8DGeE0qQ19k1BdSj4="></latexit>

P
<latexit sha1_base64="7BgSpL7WTZHp/Zi4/MkodmLrreQ="></latexit>

K

<latexit sha1_base64="RAytqyD6q+tpc9Kt+zQ47wvVUww="></latexit>

K 0

probe fermion

; m ≫ eT P, K ∼ T

medium fermion

 ; m = 0 P′ , K′ ∼ T

soft photon

Q < < P

Leading Logarithmic: 

diffusion

polarization

(known)

<latexit sha1_base64="EAc3j0bq9Kj6dYc7x9vNyVAUozM="></latexit>

P · @Aµ =�
Z

K,Q,K0,P 0

n
MA1

µ⌫

⇣
f̄KfP 0 f̄K0 + fK f̄P 0fK0

⌘
N⌫

prob(P ) +MA2
µ⌫

⇣
fP 0 f̄K0fP + f̄P 0fK0 f̄P

⌘
N⌫

prob(K)

+MA3
µ⌫

⇣
f̄K0fP f̄K + fK0 f̄P fK

⌘
N⌫

med(P
0) +MA4

µ⌫

⇣
fP 0fP f̄K + f̄P 0 f̄P fK

⌘
N⌫

med(K
0)

+MA5
µ⌫

⇣
f̄KfP 0 f̄K0 + fK f̄P 0fK0

⌘
D⌫fP +MA6

µ⌫

⇣
fP 0 f̄K0fP + f̄P 0fK0 f̄P

⌘
D⌫fK

o
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<latexit sha1_base64="oAuPuJx54AcWgte03zFW3RvLHso="></latexit>

P 0

<latexit sha1_base64="CpJYZrJmDB8DGeE0qQ19k1BdSj4="></latexit>

P
<latexit sha1_base64="7BgSpL7WTZHp/Zi4/MkodmLrreQ="></latexit>

K

<latexit sha1_base64="RAytqyD6q+tpc9Kt+zQ47wvVUww="></latexit>

K 0

probe fermion

; m ≫ eT P, K ∼ T

medium fermion

 ; m = 0 P′ , K′ ∼ T

soft photon

Q < < P

Leading Logarithmic: 

diffusion

polarization

(known)

dissipative effects included

<latexit sha1_base64="AAqGvvqDtWuWBHOzFTNyI1gPrNA="></latexit>

D⌫fV = @⌫fV + \⌃V ⌫fV

<latexit sha1_base64="m0J03FUGC8UGw/jYud75HBD3txg="></latexit>

N⌫
med = S⌫⇢

u D⇢fV

<latexit sha1_base64="u7A4r3MFwngNmjRn7Gj0pQqbfpI="></latexit>

N⌫
prob = a⌫fA + S⌫⇢

u,mD⇢fV

<latexit sha1_base64="EAc3j0bq9Kj6dYc7x9vNyVAUozM="></latexit>

P · @Aµ =�
Z

K,Q,K0,P 0

n
MA1

µ⌫

⇣
f̄KfP 0 f̄K0 + fK f̄P 0fK0

⌘
N⌫

prob(P ) +MA2
µ⌫

⇣
fP 0 f̄K0fP + f̄P 0fK0 f̄P

⌘
N⌫

prob(K)

+MA3
µ⌫

⇣
f̄K0fP f̄K + fK0 f̄P fK

⌘
N⌫

med(P
0) +MA4

µ⌫

⇣
fP 0fP f̄K + f̄P 0 f̄P fK

⌘
N⌫

med(K
0)

+MA5
µ⌫

⇣
f̄KfP 0 f̄K0 + fK f̄P 0fK0

⌘
D⌫fP +MA6

µ⌫

⇣
fP 0 f̄K0fP + f̄P 0fK0 f̄P

⌘
D⌫fK

o

C. Dynamical Part - 3
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<latexit sha1_base64="C5QsTFkyxew3+I/tqDVDM9XmYCM="></latexit>

0 = G0 +G1N
prob
P +G2N

0
P
prob

+G3N
00
P
prob

<latexit sha1_base64="oAuPuJx54AcWgte03zFW3RvLHso="></latexit>

P 0

<latexit sha1_base64="CpJYZrJmDB8DGeE0qQ19k1BdSj4="></latexit>

P
<latexit sha1_base64="7BgSpL7WTZHp/Zi4/MkodmLrreQ="></latexit>

K

<latexit sha1_base64="RAytqyD6q+tpc9Kt+zQ47wvVUww="></latexit>

K 0

probe fermion

; m ≫ eT P, K ∼ T

medium fermion

 ; m = 0 P′ , K′ ∼ T

soft photon

Q < < P

Leading Logarithmic: 

Find the solution for  that eliminates the collision termNμ

detailed balance

soft momentum transfer K= P-Q      

  differential equation of Nprob
P}

diffusion

polarization

<latexit sha1_base64="EAc3j0bq9Kj6dYc7x9vNyVAUozM="></latexit>

P · @Aµ =�
Z

K,Q,K0,P 0

n
MA1

µ⌫

⇣
f̄KfP 0 f̄K0 + fK f̄P 0fK0

⌘
N⌫

prob(P ) +MA2
µ⌫

⇣
fP 0 f̄K0fP + f̄P 0fK0 f̄P

⌘
N⌫

prob(K)

+MA3
µ⌫

⇣
f̄K0fP f̄K + fK0 f̄P fK

⌘
N⌫

med(P
0) +MA4

µ⌫

⇣
fP 0fP f̄K + f̄P 0 f̄P fK

⌘
N⌫

med(K
0)

+MA5
µ⌫

⇣
f̄KfP 0 f̄K0 + fK f̄P 0fK0

⌘
D⌫fP +MA6

µ⌫

⇣
fP 0 f̄K0fP + f̄P 0fK0 f̄P

⌘
D⌫fK

o

C. Dynamical Part - 3
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C. Dynamical Part
<latexit sha1_base64="LGxlnh3Hn/nEpeqNLu93BAAFsLg="></latexit>

Aa
µ =2⇡�PaµfA = 2⇡�P

✏µ⌫↵�P↵
?u

�

2P · u P?⇠�
⌫⇠f 0

PNa Dynamical part
<latexit sha1_base64="H/vK0nlk9x2jFaSwHLkdyyzsFAs="></latexit>

A@
µ =2⇡�PS

m,u
µ⌫ @⌫fP = 2⇡�P

✏µ⌫↵�P↵
?u

�

2P · u P?⇠�
⌫⇠f 0

PN@ Derivative

<latexit sha1_base64="Ap1HyXWAYlbBNnv5jJRX3BPtyIU="></latexit>

Aµ = 2⇡�(P 2 �m2)
⇣
aµfA + Sµ⌫

n,m(@⌫fV + ⌃>
V ⌫fV � ⌃<

V ⌫ f̄V )
⌘

C. Dynamical Part - 4

 Non-eq probe + non-eq medium

0 2 4 6 8
0.0
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3.0

m/T

N
a(i)
/N

∂

p/T = 1.5
p/T = 2
p/T = 3
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 Eq probe + eq medium  
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0.6

m/T

N
a(ii
i) /N

∂

p/T = 1
p/T = 3

p/T = 5
p/T = 10

0 2 4 6 8
0.0

0.5

1.0

1.5

2.0

m/T

N
a(ii
) /N

∂

p/T = 1.5
p/T = 2
p/T = 3
p/T = 20

 Eq probe + non-eq medium

Ratios: NΣ/N∂ , Na/N∂

m → 0, aμ fA → 0 ; p ≫ T, aμ fA → 0• Vanishes when massless or large momentum 

• Static solution

• Generally larger with more dissipative effect included
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S.Y.F.Liu and Y.Yin, JHEP 07, 188 (2021)                   linear response 
C.Yi, S.Pu and D.L.Yang, Phys.Rev.C 104, 064901 (2021)     phenomenology Previous research corresponds to  NP = 1

<latexit sha1_base64="ynY0u3OMOzVtQA8mcXGfq7yiIo4="></latexit>

Aµ = 2⇡�P
✏µ⌫↵�P↵

?u
�

2P · u P?⇠�
⌫⇠f 0

PN
prob
P Sum of all

 Non-eq probe + non-eq medium  Eq probe + eq medium   Eq probe + non-eq medium

1 2 3 4 5

-0.5

0.0

0.5

1.0

1.5

2.0

p/T

N
Ppr
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(ii
)

m=0
m/T = 0.1
m/T = 0.5
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m/T = 5
m/T = 10
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Ppr
ob

(ii
i)

m=0
m/T = 0.1
m/T = 0.5
m/T = 1

m/T = 2
m/T = 5
m/T = 10

D. Complete contribution

<latexit sha1_base64="H/vK0nlk9x2jFaSwHLkdyyzsFAs="></latexit>

A@
µ =2⇡�PS

m,u
µ⌫ @⌫fP = 2⇡�P

✏µ⌫↵�P↵
?u

�

2P · u P?⇠�
⌫⇠f 0

PN@ Derivative
<latexit sha1_base64="2zmsIQ6RIHr9ryQi9AEwJ5Gmr/w="></latexit>

A⌃
µ =2⇡�PS

m,u
µ⌫

\⌃prob,⌫
V P fP = 2⇡�P

✏µ⌫↵�P↵
?u

�

2P · u P?⇠�
⌫⇠f 0

PN⌃ Collisional effect

<latexit sha1_base64="LGxlnh3Hn/nEpeqNLu93BAAFsLg="></latexit>

Aa
µ =2⇡�PaµfA = 2⇡�P

✏µ⌫↵�P↵
?u

�

2P · u P?⇠�
⌫⇠f 0

PNa Dynamical part

<latexit sha1_base64="Ap1HyXWAYlbBNnv5jJRX3BPtyIU="></latexit>

Aµ = 2⇡�(P 2 �m2)
⇣
aµfA + Sµ⌫

n,m(@⌫fV + ⌃>
V ⌫fV � ⌃<

V ⌫ f̄V )
⌘

p ≫ T, NP → 1p ≫ T, NP → 3/2

• Without dissipative effect,           is the static solution for massless fermion, not for massive case. <latexit sha1_base64="VIYBJKIcavLq3b452ZdBkKjwkAo="></latexit>

NP = 1

• With dissipative effect,      is not a constant, could be enhanced. 
<latexit sha1_base64="dl4benZWCSmztpBkRkr+cP6iSmE="></latexit>

NP
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Summary
shear induced polarization gives correct trend of local polarization 


complete contribution of shear induced polarization includes three parts

<latexit sha1_base64="Ap1HyXWAYlbBNnv5jJRX3BPtyIU="></latexit>

Aµ = 2⇡�(P 2 �m2)
⇣
aµfA + Sµ⌫

n,m(@⌫fV + ⌃>
V ⌫fV � ⌃<

V ⌫ f̄V )
⌘

dynamical:

frame dependence & kinetic equation

static: vanishing when m=0 or p>>T

        numerical solution for finite m, p

comparable with derivative term

collisional effect:

dissipative effect

redistribution in the shear flow

comparable with derivative term

derivative:

included in phenomenology

go beyond the static solution? gauge dependence? ……
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