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Accurate microscopic description of non-equilibrium 
evolution of spin 1/2 particles. 

Large OAM in non-central heavy ion collisions, spin 
polarization, collective property of strong interaction 
matter

Robust global polarization v.s. “spin sign problem”

Shear tensor tends to solve the problem, indicating 
that at least global equilibrium not enough.

Why kinetic theory of spin necessary?
“With thermodynamics, one can calculate almost everything crudely; 
 with kinetic theory, one can calculate fewer things, but more accurately; 
 and with statistical mechanics, one can calculate almost nothing exactly.” 
                                                                  — Eugene Wigner
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Theoretical methodology

“There are two kinds of people in the world: 
Johnny Von Neumann and the rest of us.” 

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) =

Z
d4ueip·u/~S

⇣
X +

u

2
, X � u

2

⌘
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Kadanoff-Baym equation

Keldysh contour
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In 1962 he and Leo Kadanoff collaborated on Quantum Statistical 
Mechanics: Green's Function Methods in Equilibrium and Nonequilibrium 
Problems. In 1969 he published Lectures on Quantum Mechanics, a 
widely used graduate textbook that, unconventionally, begins with photon 
polarization.

https://en.wikipedia.org/wiki/Leo_Kadanoff
https://en.wikipedia.org/wiki/Photon_polarization
https://en.wikipedia.org/wiki/Photon_polarization
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Spin Kinetic Equation  — 1. General

i

2
�µ@µS

< + (�µPµ �m)S< =
i

2

⇣
⌃<⇤̂S> � ⌃>⇤̂S<

⌘

<latexit sha1_base64="rXP/SMkEST8S36DyFU+WNMVRBrQ=">AAADTXicjVFNS+QwGH5b3VVnv2bVm7iUHRZGFodWBD2MInrx4GFkdlSwzpBmMjXYL9JUkDKe/XcexX+gF2/eRHwTI+sHspvS9snzvM+TvEmQRTyXrntp2SOjHz6OjU9UPn3+8vVb9fvkTp4WgrIOTaNU7AUkZxFPWEdyGbG9TDASBxHbDY42lL57zETO0+SPPMnYQUzChA84JRKpXvXMHwhCSz4sF4Z+SOKYdP248DMiJCdRD7HT7jYrv+t/Rael6Pl4TgmnK6fPE9Z5WPfbPMTKpn9IZOlv4V76ZNjurs4bYfWV0FSuuV615jZcPZy3wDOgBma00uoF+NCHFCgUEAODBCTiCAjk+OyDBy5kyB1AiZxAxLXOYAgV9BZYxbCCIHuE3xBn+4ZNcK4yc+2muEqEr0CnA7/Qk2KdQKxWc7Re6GTFvpdd6ky1txP8ByYrRlbC IbL/8j1V/q9P9SJhAMu6B449ZZpR3VGTUuhTUTt3nnUlMSFDTuE+6gIx1c6nc3a0J9e9q7MlWr/SlYpVc2pqC7hWu8QL9l5f51uws9Dw3Ia3vVhbWzRXPQ4z8BPqeJ9LsAab0IIOZt9Y09as9cM+t2/tO/v+sdS2jGcKXoyRsQfc08Ig</latexit><latexit sha1_base64="rXP/SMkEST8S36DyFU+WNMVRBrQ=">AAADTXicjVFNS+QwGH5b3VVnv2bVm7iUHRZGFodWBD2MInrx4GFkdlSwzpBmMjXYL9JUkDKe/XcexX+gF2/eRHwTI+sHspvS9snzvM+TvEmQRTyXrntp2SOjHz6OjU9UPn3+8vVb9fvkTp4WgrIOTaNU7AUkZxFPWEdyGbG9TDASBxHbDY42lL57zETO0+SPPMnYQUzChA84JRKpXvXMHwhCSz4sF4Z+SOKYdP248DMiJCdRD7HT7jYrv+t/Rael6Pl4TgmnK6fPE9Z5WPfbPMTKpn9IZOlv4V76ZNjurs4bYfWV0FSuuV615jZcPZy3wDOgBma00uoF+NCHFCgUEAODBCTiCAjk+OyDBy5kyB1AiZxAxLXOYAgV9BZYxbCCIHuE3xBn+4ZNcK4yc+2muEqEr0CnA7/Qk2KdQKxWc7Re6GTFvpdd6ky1txP8ByYrRlbC IbL/8j1V/q9P9SJhAMu6B449ZZpR3VGTUuhTUTt3nnUlMSFDTuE+6gIx1c6nc3a0J9e9q7MlWr/SlYpVc2pqC7hWu8QL9l5f51uws9Dw3Ia3vVhbWzRXPQ4z8BPqeJ9LsAab0IIOZt9Y09as9cM+t2/tO/v+sdS2jGcKXoyRsQfc08Ig</latexit><latexit sha1_base64="rXP/SMkEST8S36DyFU+WNMVRBrQ=">AAADTXicjVFNS+QwGH5b3VVnv2bVm7iUHRZGFodWBD2MInrx4GFkdlSwzpBmMjXYL9JUkDKe/XcexX+gF2/eRHwTI+sHspvS9snzvM+TvEmQRTyXrntp2SOjHz6OjU9UPn3+8vVb9fvkTp4WgrIOTaNU7AUkZxFPWEdyGbG9TDASBxHbDY42lL57zETO0+SPPMnYQUzChA84JRKpXvXMHwhCSz4sF4Z+SOKYdP248DMiJCdRD7HT7jYrv+t/Rael6Pl4TgmnK6fPE9Z5WPfbPMTKpn9IZOlv4V76ZNjurs4bYfWV0FSuuV615jZcPZy3wDOgBma00uoF+NCHFCgUEAODBCTiCAjk+OyDBy5kyB1AiZxAxLXOYAgV9BZYxbCCIHuE3xBn+4ZNcK4yc+2muEqEr0CnA7/Qk2KdQKxWc7Re6GTFvpdd6ky1txP8ByYrRlbC IbL/8j1V/q9P9SJhAMu6B449ZZpR3VGTUuhTUTt3nnUlMSFDTuE+6gIx1c6nc3a0J9e9q7MlWr/SlYpVc2pqC7hWu8QL9l5f51uws9Dw3Ia3vVhbWzRXPQ4z8BPqeJ9LsAab0IIOZt9Y09as9cM+t2/tO/v+sdS2jGcKXoyRsQfc08Ig</latexit><latexit sha1_base64="rXP/SMkEST8S36DyFU+WNMVRBrQ=">AAADTXicjVFNS+QwGH5b3VVnv2bVm7iUHRZGFodWBD2MInrx4GFkdlSwzpBmMjXYL9JUkDKe/XcexX+gF2/eRHwTI+sHspvS9snzvM+TvEmQRTyXrntp2SOjHz6OjU9UPn3+8vVb9fvkTp4WgrIOTaNU7AUkZxFPWEdyGbG9TDASBxHbDY42lL57zETO0+SPPMnYQUzChA84JRKpXvXMHwhCSz4sF4Z+SOKYdP248DMiJCdRD7HT7jYrv+t/Rael6Pl4TgmnK6fPE9Z5WPfbPMTKpn9IZOlv4V76ZNjurs4bYfWV0FSuuV615jZcPZy3wDOgBma00uoF+NCHFCgUEAODBCTiCAjk+OyDBy5kyB1AiZxAxLXOYAgV9BZYxbCCIHuE3xBn+4ZNcK4yc+2muEqEr0CnA7/Qk2KdQKxWc7Re6GTFvpdd6ky1txP8ByYrRlbC IbL/8j1V/q9P9SJhAMu6B449ZZpR3VGTUuhTUTt3nnUlMSFDTuE+6gIx1c6nc3a0J9e9q7MlWr/SlYpVc2pqC7hWu8QL9l5f51uws9Dw3Ia3vVhbWzRXPQ4z8BPqeJ9LsAab0IIOZt9Y09as9cM+t2/tO/v+sdS2jGcKXoyRsQfc08Ig</latexit>

Kadanoff-Baym equation (quasi-particle assumption)
S< = S + iP�5 + Vµ�
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µ⌫
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Spin decomposition

pµVµ �mS =
i

4
CS

2mP + @µAµ = � i

2
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General formalism

General Kinetic of spin up to O(@)
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Massless 

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

2
✏µ⌫⇢�@

�(\⌃⌫
V V⇢)

� m

2
✏⇢��µ \⌃⇢

V S�� � m

2
✏⇢��µ \⌃⇢�

T V�

<latexit sha1_base64="hdhCdYBdRbMkAzT7weZ467Xq5TA="></latexit><latexit sha1_base64="hdhCdYBdRbMkAzT7weZ467Xq5TA="></latexit><latexit sha1_base64="hdhCdYBdRbMkAzT7weZ467Xq5TA="></latexit><latexit sha1_base64="hdhCdYBdRbMkAzT7weZ467Xq5TA="></latexit>

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

2
✏µ⌫⇢�@

�(\⌃⌫
V V⇢)

� m

2
✏⇢��µ \⌃⇢

V S�� � m

2
✏⇢��µ \⌃⇢�

T V�

<latexit sha1_base64="hdhCdYBdRbMkAzT7weZ467Xq5TA="></latexit><latexit sha1_base64="hdhCdYBdRbMkAzT7weZ467Xq5TA="></latexit><latexit sha1_base64="hdhCdYBdRbMkAzT7weZ467Xq5TA="></latexit><latexit sha1_base64="hdhCdYBdRbMkAzT7weZ467Xq5TA="></latexit>

Massive

Gradient counting

Vµ ⇠ O(@0)
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Spin Kinetic Equation  — 2. Collision
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Massive

Specify system & interaction

e.g. 2 by 2 scattering of righthand chiral fermion

No OAM, spin conserved relative OAM, spin not conserved
— angular momentum conserved — angular momentum conserved

Lab frame
(jump frame)

Center of mass frame 
(no jump frame)

tunneling movement: side-jump

Lorenze covariance & angular momentum conservation
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Spin Kinetic Equation  — 2. Collision
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Massive

Specify system & interaction

simple
L =  ̄(i@/�m) +G( ̄ )2

<latexit sha1_base64="9fMrPlnV1p2J51Tdx5RgFwPxBmw="> H2B77jCD++zd+l98b7eUb25SvMcfwzv2y2NmqfD</latexit><latexit sha1_base64="9fMrPlnV1p2J51Tdx5RgFwPxBmw="> H2B77jCD++zd+l98b7eUb25SvMcfwzv2y2NmqfD</latexit><latexit sha1_base64="9fMrPlnV1p2J51Tdx5RgFwPxBmw="> H2B77jCD++zd+l98b7eUb25SvMcfwzv2y2NmqfD</latexit><latexit sha1_base64="9fMrPlnV1p2J51Tdx5RgFwPxBmw="> H2B77jCD++zd+l98b7eUb25SvMcfwzv2y2NmqfD</latexit>

L =  ̄(i@/� eA/�m) � 1

4
Fµ⌫Fµ⌫

<latexit sha1_base64="9SzY66PbBY3LEtgDIkuW6yIpcps="></latexit><latexit sha1_base64="9SzY66PbBY3LEtgDIkuW6yIpcps="></latexit><latexit sha1_base64="9SzY66PbBY3LEtgDIkuW6yIpcps="></latexit><latexit sha1_base64="9SzY66PbBY3LEtgDIkuW6yIpcps="></latexit>

L =  ̄(i@/� g��m) +
1

2
(@µ�)

2

<latexit sha1_base64="rIZAmJd1njGrf0YlKyrhFkuT6W0="></latexit><latexit sha1_base64="rIZAmJd1njGrf0YlKyrhFkuT6W0="></latexit><latexit sha1_base64="rIZAmJd1njGrf0YlKyrhFkuT6W0="></latexit><latexit sha1_base64="rIZAmJd1njGrf0YlKyrhFkuT6W0="></latexit>

L =  ̄i(i�
µ(@µ�ij � igAa

µta,ij)�m�ij) j �
1

4
Ga

µ⌫G
µ⌫
a

<latexit sha1_base64="dai+tmIgmZW8AmnN0u0WhVrAXLc="></latexit><latexit sha1_base64="dai+tmIgmZW8AmnN0u0WhVrAXLc="></latexit><latexit sha1_base64="dai+tmIgmZW8AmnN0u0WhVrAXLc="></latexit><latexit sha1_base64="dai+tmIgmZW8AmnN0u0WhVrAXLc="></latexit>

Contact

Yukawa

QED

QCD

does not allow for side-jump, not real

simple, no gauge issue 
Meson spin zero, not real

Comparable simple
Gauge issue
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Spin Kinetic Equation  — 2. Collision

Specify system & interaction

simple
L =  ̄(i@/�m) +G( ̄ )2

<latexit sha1_base64="9fMrPlnV1p2J51Tdx5RgFwPxBmw="> H2B77jCD++zd+l98b7eUb25SvMcfwzv2y2NmqfD</latexit><latexit sha1_base64="9fMrPlnV1p2J51Tdx5RgFwPxBmw="> H2B77jCD++zd+l98b7eUb25SvMcfwzv2y2NmqfD</latexit><latexit sha1_base64="9fMrPlnV1p2J51Tdx5RgFwPxBmw="> H2B77jCD++zd+l98b7eUb25SvMcfwzv2y2NmqfD</latexit><latexit sha1_base64="9fMrPlnV1p2J51Tdx5RgFwPxBmw="> H2B77jCD++zd+l98b7eUb25SvMcfwzv2y2NmqfD</latexit>

L =  ̄(i@/� eA/�m) � 1

4
Fµ⌫Fµ⌫

<latexit sha1_base64="9SzY66PbBY3LEtgDIkuW6yIpcps="></latexit><latexit sha1_base64="9SzY66PbBY3LEtgDIkuW6yIpcps="></latexit><latexit sha1_base64="9SzY66PbBY3LEtgDIkuW6yIpcps="></latexit><latexit sha1_base64="9SzY66PbBY3LEtgDIkuW6yIpcps="></latexit>

L =  ̄(i@/� g��m) +
1

2
(@µ�)

2

<latexit sha1_base64="rIZAmJd1njGrf0YlKyrhFkuT6W0="></latexit><latexit sha1_base64="rIZAmJd1njGrf0YlKyrhFkuT6W0="></latexit><latexit sha1_base64="rIZAmJd1njGrf0YlKyrhFkuT6W0="></latexit><latexit sha1_base64="rIZAmJd1njGrf0YlKyrhFkuT6W0="></latexit>

L =  ̄i(i�
µ(@µ�ij � igAa

µta,ij)�m�ij) j �
1

4
Ga

µ⌫G
µ⌫
a

<latexit sha1_base64="dai+tmIgmZW8AmnN0u0WhVrAXLc="></latexit><latexit sha1_base64="dai+tmIgmZW8AmnN0u0WhVrAXLc="></latexit><latexit sha1_base64="dai+tmIgmZW8AmnN0u0WhVrAXLc="></latexit><latexit sha1_base64="dai+tmIgmZW8AmnN0u0WhVrAXLc="></latexit>

Contact

Yukawa

QED

QCD

does not allow for side-jump, not real

simple, no gauge issue 
Meson spin zero, not real

Comparable simple
Gauge issue

⌃7 =
<latexit sha1_base64="nfk6wpkt3F1V2rZcCjqUfEmSbHQ="></latexit><latexit sha1_base64="nfk6wpkt3F1V2rZcCjqUfEmSbHQ="></latexit><latexit sha1_base64="nfk6wpkt3F1V2rZcCjqUfEmSbHQ="></latexit><latexit sha1_base64="nfk6wpkt3F1V2rZcCjqUfEmSbHQ="></latexit>

⌃7 =
<latexit sha1_base64="nfk6wpkt3F1V2rZcCjqUfEmSbHQ="></latexit><latexit sha1_base64="nfk6wpkt3F1V2rZcCjqUfEmSbHQ="></latexit><latexit sha1_base64="nfk6wpkt3F1V2rZcCjqUfEmSbHQ="></latexit><latexit sha1_base64="nfk6wpkt3F1V2rZcCjqUfEmSbHQ="></latexit>

Detailed balance 

Relaxation near global equilibrium

Collision term to leading logarithm order 

global equilibrium, relaxation

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

2
✏µ⌫⇢�@

�(\⌃⌫
V V⇢)

� m

2
✏⇢��µ \⌃⇢

V S�� � m

2
✏⇢��µ \⌃⇢�

T V�

<latexit sha1_base64="hdhCdYBdRbMkAzT7weZ467Xq5TA="></latexit><latexit sha1_base64="hdhCdYBdRbMkAzT7weZ467Xq5TA="></latexit><latexit sha1_base64="hdhCdYBdRbMkAzT7weZ467Xq5TA="></latexit><latexit sha1_base64="hdhCdYBdRbMkAzT7weZ467Xq5TA="></latexit>

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

2
✏µ⌫⇢�@

�(\⌃⌫
V V⇢)

� m

2
✏⇢��µ \⌃⇢

V S�� � m

2
✏⇢��µ \⌃⇢�

T V�

<latexit sha1_base64="hdhCdYBdRbMkAzT7weZ467Xq5TA="></latexit><latexit sha1_base64="hdhCdYBdRbMkAzT7weZ467Xq5TA="></latexit><latexit sha1_base64="hdhCdYBdRbMkAzT7weZ467Xq5TA="></latexit><latexit sha1_base64="hdhCdYBdRbMkAzT7weZ467Xq5TA="></latexit>

Massive



7

Contact interaction
L =  ̄(i~@/�m) +G( ̄ )2

<latexit sha1_base64="j1pryZGeJM7J5xuIEgbT4Y576nk="></latexit><latexit sha1_base64="j1pryZGeJM7J5xuIEgbT4Y576nk="></latexit><latexit sha1_base64="j1pryZGeJM7J5xuIEgbT4Y576nk="></latexit><latexit sha1_base64="j1pryZGeJM7J5xuIEgbT4Y576nk="></latexit>

Spin Kinetic Equation  — 3.Contact Interaction

p ·rA(1)
µ = m

\
⌃(0)

S A(1)
µ + p⌫

\
⌃(0)⌫

V A(1)
µ � 1

2
✏µ⌫⇢�(r� \

⌃(0)⌫
V )V(0)⇢

<latexit sha1_base64="440+HDbYPjX9OHGncD8q5BEmVpU="></latexit><latexit sha1_base64="440+HDbYPjX9OHGncD8q5BEmVpU="></latexit><latexit sha1_base64="440+HDbYPjX9OHGncD8q5BEmVpU="></latexit><latexit sha1_base64="440+HDbYPjX9OHGncD8q5BEmVpU="></latexit>

+p⌫
\

⌃(1)
AµV(0)⌫ � pµ

\
⌃(1)

A⌫V(0)⌫ +
m

2
✏⇢⌫�µ

\
⌃(1)⇢⌫

T V(0)�

<latexit sha1_base64="Zpd96JHTnyJ3B6IfGzgytGgFCOQ="></latexit><latexit sha1_base64="Zpd96JHTnyJ3B6IfGzgytGgFCOQ="></latexit><latexit sha1_base64="Zpd96JHTnyJ3B6IfGzgytGgFCOQ="></latexit><latexit sha1_base64="Zpd96JHTnyJ3B6IfGzgytGgFCOQ="></latexit>

Act like a source

A(1)LE
µ (p, p+ q) = A(1)global

µ (p) + �A(1)
µ (p, p+ q)

= � 1

(2⇡)34Ep
✏µ⌫��p

⌫r���f 0
V (p)

� 1

(2⇡)3[m2 + p · (p+ q)]4Ep
✏µ⌫⇢�(p+ q)⌫p⇢p�(r��� +r���)f 0

V (p)
<latexit sha1_base64="SgCheMvjagx1wkHX+xKpV5pk0D0="></latexit><latexit sha1_base64="SgCheMvjagx1wkHX+xKpV5pk0D0="></latexit><latexit sha1_base64="SgCheMvjagx1wkHX+xKpV5pk0D0="></latexit><latexit sha1_base64="SgCheMvjagx1wkHX+xKpV5pk0D0="></latexit>

A(1)LE
µ (p, p+ q) = A(1)global

µ (p) + �A(1)
µ (p, p+ q)

= � 1

(2⇡)34Ep
✏µ⌫��p

⌫r���f 0
V (p)

� 1

(2⇡)3[m2 + p · (p+ q)]4Ep
✏µ⌫⇢�(p+ q)⌫p⇢p�(r��� +r���)f 0

V (p)
<latexit sha1_base64="SgCheMvjagx1wkHX+xKpV5pk0D0="></latexit><latexit sha1_base64="SgCheMvjagx1wkHX+xKpV5pk0D0="></latexit><latexit sha1_base64="SgCheMvjagx1wkHX+xKpV5pk0D0="></latexit><latexit sha1_base64="SgCheMvjagx1wkHX+xKpV5pk0D0="></latexit>

Killing condition  -- global equilibrium
rµ�⌫ +r⌫�µ = 0

<latexit sha1_base64="6zCsNK0oTQacRYJQaPMVvV4Kbbo="></latexit><latexit sha1_base64="6zCsNK0oTQacRYJQaPMVvV4Kbbo="></latexit><latexit sha1_base64="6zCsNK0oTQacRYJQaPMVvV4Kbbo="></latexit><latexit sha1_base64="6zCsNK0oTQacRYJQaPMVvV4Kbbo="></latexit>

Qualitative analysis

Find equilibrium        from detailed balance Aµ
<latexit sha1_base64="YgiAL3hZlCmUGA/87+H5G3LsSQ4="></latexit><latexit sha1_base64="YgiAL3hZlCmUGA/87+H5G3LsSQ4="></latexit><latexit sha1_base64="YgiAL3hZlCmUGA/87+H5G3LsSQ4="></latexit><latexit sha1_base64="YgiAL3hZlCmUGA/87+H5G3LsSQ4="></latexit>

Relaxation rate near global equilibrium p · @f(x, p) = �f(x, p)� feq(x, p)

⌧(p)
<latexit sha1_base64="B+xcXqU4ix1mPhGq83FSmOfA2Zw="></latexit><latexit sha1_base64="B+xcXqU4ix1mPhGq83FSmOfA2Zw="></latexit><latexit sha1_base64="B+xcXqU4ix1mPhGq83FSmOfA2Zw="></latexit><latexit sha1_base64="B+xcXqU4ix1mPhGq83FSmOfA2Zw="></latexit>

Direction of spin aµ (pµaµ = 0, aµaµ = �1)
<latexit sha1_base64="KgvtASt4HyP58At4ruIVEp779fI="></latexit><latexit sha1_base64="KgvtASt4HyP58At4ruIVEp779fI="></latexit><latexit sha1_base64="KgvtASt4HyP58At4ruIVEp779fI="></latexit><latexit sha1_base64="KgvtASt4HyP58At4ruIVEp779fI="></latexit>

f± = (fV ± fA)/2
<latexit sha1_base64="1UXnPy1PBbYZ6Lee+G8VPmbJFIU="></latexit><latexit sha1_base64="1UXnPy1PBbYZ6Lee+G8VPmbJFIU="></latexit><latexit sha1_base64="1UXnPy1PBbYZ6Lee+G8VPmbJFIU="></latexit><latexit sha1_base64="1UXnPy1PBbYZ6Lee+G8VPmbJFIU="></latexit>

p · @�f+ = �⌧�1
++�f+ � ⌧�1

D (�f+ � �f�),

p · @�f� = �⌧�1
���f� � ⌧�1

D (�f� � �f+),

p · @ �~a = �⌧�1
+ �~a+ ~⌧ �1

a (�f+ + �f�)/(f
eq
+ � f eq

� )
<latexit sha1_base64="sDFvVTB5YtpPx4iDFJd+veucLFg="></latexit><latexit sha1_base64="sDFvVTB5YtpPx4iDFJd+veucLFg="></latexit><latexit sha1_base64="sDFvVTB5YtpPx4iDFJd+veucLFg="></latexit><latexit sha1_base64="sDFvVTB5YtpPx4iDFJd+veucLFg="></latexit>

⌧�1
++ = ⌧�1

+ � 2⌧�1
D + ⌧�1

� ,

⌧�1
�� = ⌧�1

+ � 2⌧�1
D � ⌧�1

� ,
<latexit sha1_base64="tU+pGHUJxMINzO/dZi/YNPrRFus="></latexit><latexit sha1_base64="tU+pGHUJxMINzO/dZi/YNPrRFus="></latexit><latexit sha1_base64="tU+pGHUJxMINzO/dZi/YNPrRFus="></latexit><latexit sha1_base64="tU+pGHUJxMINzO/dZi/YNPrRFus="></latexit>

Separation of time scale
⌧�1
+ ⇠ O(@0),

⌧�1
� ⇠ O(@1),

⌧�1
D ⇠ O(@2),

<latexit sha1_base64="Ouq1CaU3OlEVNPIHldl//qXzB7o="></latexit><latexit sha1_base64="Ouq1CaU3OlEVNPIHldl//qXzB7o="></latexit><latexit sha1_base64="Ouq1CaU3OlEVNPIHldl//qXzB7o="></latexit><latexit sha1_base64="Ouq1CaU3OlEVNPIHldl//qXzB7o="></latexit>

damping rate

difference of damping rates

spin flipping rate

ZyW and P.Zhuang, [arXiv:2105.00915 [hep-th]].

ZyW, X.Guo and P.Zhuang, Eur.Phys.J.C 81 (2021) 9, 799.
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Spin Kinetic Equation  — 4.QED

Aim: the spin dynamics of s-quark in the quark gluon plasma 
Toy model: hard massive fermion (m ≫ eT) probing into a hot massless QED plasma at local equilibrium
Simplification: Compton scattering is suppressed in case m ≫ eT, dominated by Coulomb scattering. 
Competing processes: diffusion process — scattering with medium — drives the fluctuation of spin back to equilibrium, 
                                        polarization process— collective motion of the medium, hydrodynamic gradients 

C(i)
<latexit sha1_base64="IZOTdJRMRNglI8FW1wAjm3m7dpQ="></latexit><latexit sha1_base64="IZOTdJRMRNglI8FW1wAjm3m7dpQ="></latexit><latexit sha1_base64="IZOTdJRMRNglI8FW1wAjm3m7dpQ="></latexit><latexit sha1_base64="IZOTdJRMRNglI8FW1wAjm3m7dpQ="></latexit>

LL = e4 ln
1

e

T 2

8⇡
<latexit sha1_base64="QP24LceJ8XmEzxffBbRG0itsVK8="></latexit><latexit sha1_base64="QP24LceJ8XmEzxffBbRG0itsVK8="></latexit><latexit sha1_base64="QP24LceJ8XmEzxffBbRG0itsVK8="></latexit><latexit sha1_base64="QP24LceJ8XmEzxffBbRG0itsVK8="></latexit>

Functions of momentum and temperature

P · @nµ(P ) =� LL
T

mv

n
C(1)nµ(P ) + C(2)uµ + C(3)P̂µ

? + C(4)P̂ ⌫
?@P?µn⌫(P )

+ C(5)P̂ ⌫
?@P ⌫

?
nµ(P ) + C(6)g⌫⇢@P ⌫

?
@P⇢

?
nµ(P ) + C(7)P̂ ⌫

?P̂
⇢
?@P ⌫

?
@P⇢

?
nµ(P )

+ C(8)(!µ + P̂µ
?P̂

⌫
?!⌫) + C(9) 1

2

⇣
✏µ⌫⇢↵u⌫ P̂?⇢P̂

�
? + ✏µ⌫⇢�u⌫ P̂?⇢P̂

↵
?

⌘
�h↵�i

+ C(10)✏µ⌫↵�u↵P̂?�Du⌫ + C(11)✏µ⌫↵�u↵P̂?�@⌫ lnT
o
,

<latexit sha1_base64="ZwiPf1lfk7mKMGcPTDHIvyZ+MFI="></latexit><latexit sha1_base64="ZwiPf1lfk7mKMGcPTDHIvyZ+MFI="></latexit><latexit sha1_base64="ZwiPf1lfk7mKMGcPTDHIvyZ+MFI="></latexit><latexit sha1_base64="ZwiPf1lfk7mKMGcPTDHIvyZ+MFI="></latexit>

Diffusion process

Polarization process

ZyW  [2205.09334 ]
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Spin Kinetic Equation  — 4.QED

P · @nµ(P ) =� LL
T

mv

n
C(1)nµ(P ) + C(2)uµ + C(3)P̂µ

? + C(4)P̂ ⌫
?@P?µn⌫(P )

+ C(5)P̂ ⌫
?@P ⌫

?
nµ(P ) + C(6)g⌫⇢@P ⌫

?
@P⇢

?
nµ(P ) + C(7)P̂ ⌫

?P̂
⇢
?@P ⌫

?
@P⇢

?
nµ(P )

+ C(8)(!µ + P̂µ
?P̂

⌫
?!⌫) + C(9) 1

2

⇣
✏µ⌫⇢↵u⌫ P̂?⇢P̂

�
? + ✏µ⌫⇢�u⌫ P̂?⇢P̂

↵
?

⌘
�h↵�i

+ C(10)✏µ⌫↵�u↵P̂?�Du⌫ + C(11)✏µ⌫↵�u↵P̂?�@⌫ lnT
o
,

<latexit sha1_base64="ZwiPf1lfk7mKMGcPTDHIvyZ+MFI="></latexit><latexit sha1_base64="ZwiPf1lfk7mKMGcPTDHIvyZ+MFI="></latexit><latexit sha1_base64="ZwiPf1lfk7mKMGcPTDHIvyZ+MFI="></latexit><latexit sha1_base64="ZwiPf1lfk7mKMGcPTDHIvyZ+MFI="></latexit>

Diffusion process + Polarization process 

Both processes balance with each other in equilibrium — detailed balance

ngeq
µ (P ) =

⇣P · ! uµ

2
� P · u!µ

2

⌘
f 0
P .

<latexit sha1_base64="virOK8IrB0BcDKRV2AecLPLkywM="></latexit><latexit sha1_base64="virOK8IrB0BcDKRV2AecLPLkywM="></latexit><latexit sha1_base64="virOK8IrB0BcDKRV2AecLPLkywM="></latexit><latexit sha1_base64="virOK8IrB0BcDKRV2AecLPLkywM="></latexit>

Global equilibrium : Killing condition, purely rotating fluid — detailed balance satisfied

Local equilibrium :

Massive fermion  — under question

Chiral fermion — satisfied  Shuo Fang, Shi Pu, Di-Lun Yang, PRD 106, 016002 [2204.11519]
Yoshimasa Hidaka, Shi Pu, Di-Lun Yang, PRD 97, 016004 [1710.00278]

?

Sµ
leq = 2⇡�(P 2)

⇣
Pµ +

✏µ⌫↵�P↵u�

2P · u @⌫
⌘
fP

<latexit sha1_base64="Rt8gt+EAnX8H4wFz27ogOcAMbcM="></latexit><latexit sha1_base64="Rt8gt+EAnX8H4wFz27ogOcAMbcM="></latexit><latexit sha1_base64="Rt8gt+EAnX8H4wFz27ogOcAMbcM="></latexit><latexit sha1_base64="Rt8gt+EAnX8H4wFz27ogOcAMbcM="></latexit>

Decomposition of  

There are more first order terms, self-energy and gauge. 
what is the complete local equilibrium solution ?

Aµ
<latexit sha1_base64="i3BwfLs1gDImwGBWpaPiC8YHxao="></latexit><latexit sha1_base64="i3BwfLs1gDImwGBWpaPiC8YHxao="></latexit><latexit sha1_base64="i3BwfLs1gDImwGBWpaPiC8YHxao="></latexit><latexit sha1_base64="i3BwfLs1gDImwGBWpaPiC8YHxao="></latexit>
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Decomposition and static solution
Lorenze covariance and Decomposition

Massive fermion

P · @f
<latexit sha1_base64="9yfXkC1ZoGiJqawQlxuKBUk0RBk="></latexit><latexit sha1_base64="9yfXkC1ZoGiJqawQlxuKBUk0RBk="></latexit><latexit sha1_base64="9yfXkC1ZoGiJqawQlxuKBUk0RBk="></latexit><latexit sha1_base64="9yfXkC1ZoGiJqawQlxuKBUk0RBk="></latexit>

Chiral fermion

A<µ =2⇡�(P 2)
⇣
PµfA +

✏µ⌫↵�P↵n�

2P · n (@⌫f + ⌃>
⌫ f � ⌃<

⌫ (1� f))
⌘

<latexit sha1_base64="uwZSYrXQG3CazzDdUVLdaPIyxaM="></latexit><latexit sha1_base64="uwZSYrXQG3CazzDdUVLdaPIyxaM="></latexit><latexit sha1_base64="uwZSYrXQG3CazzDdUVLdaPIyxaM="></latexit><latexit sha1_base64="uwZSYrXQG3CazzDdUVLdaPIyxaM="></latexit>

Shuo Fang, Shi Pu, Di-Lun Yang, PRD 106, 016002 [2204.11519]
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The same structure 

when projecting to       , gives the collision terms of   P ⌫
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consider only shear 

1. shear contribution enhanced 
2. Detail balance still satisfied 

A<µ = 2⇡�(P 2 �m2)
⇣
aµfA +

✏µ⌫↵�P↵u�

2(P · u+m)
(@⌫f + ⌃>

⌫ f + ⌃<
⌫ (1� f))

⌘
,

<latexit sha1_base64="RZeS3Q6Lys1wDaqa9/tl7UMO1oU="></latexit><latexit sha1_base64="RZeS3Q6Lys1wDaqa9/tl7UMO1oU="></latexit><latexit sha1_base64="RZeS3Q6Lys1wDaqa9/tl7UMO1oU="></latexit><latexit sha1_base64="RZeS3Q6Lys1wDaqa9/tl7UMO1oU="></latexit>

Di-Lun Yang, Koichi Hattori, Yoshimasa Hidaka,	 JHEP 07, 070 [2002.02612]

Shu Lin, ZyW, [2206.12573]

• Self-energy part is necessary for massive kinetic 
equation to return to chiral limit.

• Static solution            need to be solved from 
collision term. 

•           is frame independent, while each part are 
frame dependent. 
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Full static solution… under progressing



Summary
Qualitative analysis using contact interaction

Global equilibrium — detailed balance 

Different relaxation rate for different degrees of freedom

Spin kinetic equation in QED plasma

Full expression to first order of gradient


