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Spintronics in condensed matter physics

Bader+Parkin
ARCMP 2010



Spin in particle physics

Proton spin puzzle 
(1988-now)



Spin in high energy nuclear physics

 Spin not conserved, spin angular momentum exchange 
with orbital angular momentum

 Spin coupling to external field such as magnetic, vorticity 
etc

Offer a unique probe of spin property of QGP



global spin polarization in heavy ion collisions

Liang, Wang, PRL 2005, PLB 2005

STAR collaboration, Nature 
2017



Splitting in global spin polarization

STAR collaboration, PRC 
2023

Existence of splitting 
inconclusive yet



local spin polarization in heavy ion collisions

STAR collaboration, PRL 
2019

Fu, Liu, Pang, Song, Yin, PRL 2021
Becattini, et al, PRL 2021
Yi, Pu, Yang, PRC 2021

vorticity + shear



Spin polarization in heavy ion collisions

for          particle

hydrodynamic gradient 
(mimicked by metric)

external EM fields

How can radiative correction affect spin coupling to different sources?



Outline

 Spin coupling to hydrodynamic gradient/EM fields
 Spin polarization in EM fields from chiral kinetic theory
 Radiative corrections to spin polarization in EM fields
 Spin polarization in hydrodynamic state/metric perturbation from 

chiral kinetic theory
 (In)equivalence of off-equilibrium/metric perturbation
 Radiative corrections to spin polarization in hydrodynamic state
 Conclusion and outlook



Spin polarization from correlation functions

Spin polarization in EM fields

Spin polarization in hydrodynamic state

Wigner function

slow-varying



Spin polarization in EM fields



Chiral kinetic theory description

Hidaka, Pu, Wang, Yang, 
PPNP 2022

Hidaka, Pu, Yang 2016

Spin polarization from difference between R & L

consider 
massless quark



Equivalent diagrammatic description: EM fields

SL, Tian, 2023

gauge link scattering on 
EM fields

equilibrium 
distribution

Spin polarization = modified spectral function × equilbrium distibution

Standard KMS relation

modified spectral 
function



In-medium electromagnetic form factors (FF)

SL, Tian, 2023

medium frame vector

spin-parallel 
magnetic coupling

spin Hall 
effect

spin-perpendicular 
magnetic coupling

In medium: lift of degeneracy expected

In vacuum



Radiative correction to in-medium electromagnetic FF

spin-parallel 
magnetic coupling

spin Hall effect

spin-perpendicular 
magnetic coupling

SL, Tian, 2023

degeneracy partially lifted in 
in-medium FF



Spin polarization in hydrodynamic state

CKT in 
flat space

CKT in 
curved space



CKT in flat space: off-equilibrium state

Hidaka, Pu, Yang 2016, 2017

arbitrary frame vector

modified KMS relation (for 
axial component)

modified distribution

free theory dispersion + 
local equilibrium

degenerate couplings to 
vorticity, shear, T-grad



CKT in curved space: equilibrium state

Inequivalence?

curved index

flat index

Clifford algebra in flat basis

: equilibrium distribution

Christoffel term can realize vorticity and T-grad, but not shear!

Gao, Huang, 
Mameda, Liu 2018



Diagrammatic description of metric perturbation

Effect I: scattering of 
fermion

Gao, Huang, 
Mameda, Liu 2018

gravitational gauge link

Effect II: rotation of 
spinor by spin 
connection



Summary of three approaches

III. Off-equilibrium CKT

Equilibrium + metric perturbation:
I. CKT; 
II. diagrams

II = I + spin-vorticity coupling
Neither I nor II reproduces III

Need to work with off-equilibrium state



Off-equilibrium state from metric perturbation

SL, Tian, to appear

equilibrium state in curved space

off-equilibrium state in flat space

choice of vielbein (local reference frame)

static metric perturbation



Types of radiative corrections

spectral function
distribution function
KMS relation

At tree level, spin polarization from modified KMS + modified distribution

At loop level, radiative correction occurs in all three types

Focus on radiative correction to spectral function



How to include self-energy corrections?

collisional contribution to  spin-shear coupling: 
SL, Wang, 2022, 2024

diagramatic 
resummation
Gagnon, Jeon, 
2006

consider correction to spectral 
function w/ off-equilibrium effect

correction to spectral 
function, usually ignored 
in kinetic theory

collision term in steady state



Spectral function representation

SL, Tian, to appear

valid for off-equilibrium state invariant under time-reversal



Gradient corrections to retarded function

SL, Tian, to appear
involves both equilibrium/off-equilibrium self-energy



Equilibrium self-energy

SL, Tian, to appear

Energetic particle 
close to mass shell

modified dispersion: 

finite damping

No correction to 
spectral function



Off-equilibrium self-energy

Hidaka, Pu, Yang 2017

Huang, Mitkin, Sadofyev, Speranza 
2020

Hattori, Hidaka, Yamamoto, Yang 2020

off-equilibrium propagators for 
quark/gluon from CKT

Polarized quasi-particle
similar expressions for

Energetic particle 
close to mass shell



tree level vs loop correction

SL, Tian, to appear

tree

loop

degeneracy in couplings to 
vorticity, shear, T-grad lifted



Conclusion

 Spin polarization in off-equilibrium state can’t be fully mimicked by 
metric perturbation on equilibrium state

 Equilbrium state in curved space describes off-equilbrium state in flat 
space with suitable choice of local rest frame

 Sources of polarization: modified spectral; modified distribution; 
modified KMS

 Radiative correction to spectral function lifts degeneracy of spin 
coupling to vorticity, shear and T-grad

Outlook
 Radiative correction to distribution function a la gravitational FFs
 Radiative correction to modified KMS



Thank you!



Equilibration of hydro DOF

Equilibration of hydro DOF in static metric perturbation
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