Spin hydrodynamics of Dirac fermions consistent with

entropy principle
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Polarizations relate to spin

Barnett Effect Einstein de-Haas Effect
Rotation = Magnetization Magnetization = Rotation
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Spin-Orbit coupling & Conservation ~

OAM  Polarizations of A hyperons and vector mesons

Py spectators
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Theoretic approaches to spin hydrodynamics

Microscopic approach
QKT=Boltzmann equation-+spin

Pro: systematic treatment of spin transport

Cons: assumes medium weakly coupled, not
well-justified for QGP

Macroscopic approach
Phenomenology=hydrodynamics+spin

Pro: consistent with entropy principle

Cons: ambiguity due to pseudo-gauge
transformations, frame choices
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Spin hydrodynamics in the regime <

Conserved currents |
© =0 spacetime translations symmetry
=0 Lorentz symmetry(rotation =ij & boost =0i)
= + ( — ) 2 =0 —0
spin orbital = + = +2 [ ]

First law of theimodynamics in local rest frame near local equilibrium

+ =  + > spin density = 3 — ~ () near equilibrium
= In equilibrium
Second law of thermodynamics

entropy current = — — >+

pseudo-gauge Gauthier-Villars, Paris, 1960
Becattini, Tinti, PRD 2011

entro PY-gaUge Becattini, Daher, X. Sheng, PLB 2024
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entropy principle =0



Entropy current analysis of Dirac fermions

Spin tensor
> = ( + ) tota”y anti-sym metric Hongo, Huang, Kaminski, Stephanova, Yee, JHEP 2021
>’ — + f’ = + 2 [ I + ™ Hattori, Hongo, Huang, Matsuo, Taya, PLB 2019
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Entropy principle issue in the absence of

Constraints from nondissipative transports with general

( ) + + 0 —%( ) =0

Constraints from the absence of

10equations{ ° =
overdetermined { —

dynamical equations
7 variables (0%°,0°%, )

equations of boost
symmetry

constraints yield
20l 1 =— 5 emp(’;y set of




Pseudo-gauge solution in the presence of

Pseudo-gauge solution

~

O , ! ’ >’ = + >’ Hattori, Hongo, Huang, Matsuo, Taya, PLB 2019
1
©) —r ( ) — E ( ), =0 Daher, Das, Florkowski, Ryblewski, PRC 2023
@ |, 2 pSGUdO'gauge transformation > O , |2 tOta”y anti-symmetric

[similar to nondissipative transports in conventional hydrodynamics]

o , .Y pseudo-gaugetransformation>G) =0 , , =0

Li, Stephanov, Yee, PRL 2021



' Linear mode analysis: Dirac fermions

¢ One pair of sound modes: wsound (k) = %cs|k| — 27 k* ¥ k! ?3 + 0 (k°)

¢ One longitudinal spin-boost mode: wgpin || = —tl'p — icg 2kl k% + O (k2)
¢ One longitudinal spin-rotation mode: wgpin | = —il'r + O (kz)
¢ Two transverse spin-boost modes: wgpinp,1 = —tI'y + O (k:Q)

¢ Two shear modes: wghear (k) = —iv k*+ O (k3)

¢ Two transverse spin-rotation modes: wgpiny | = —¢l' — z"ysk2 + O (kQ)



' Linear mode analysis: general spin particles

¢ One pair of sound modes: wgound (k) = Fcs|k| — %'sz T 2¢3k/ K10 (kz?’)

S Fb
¢ One longitudinal spin-boost mode: wgpin | = —il' — 3@03%}’8132 + O (k2)
¢ One longitudinal spin-rotation mode: wgpin ;| = —il'r + O (kg)
¢ Two transverse spin-boost modes: wgpinp, 1 = —il'y + O (k2)

¢ Two shear modes: wghear (k) = —z'fyLkQ + O (k?’)

¢ Two transverse spin-rotation modes: wepiny | = —il'y — ifySkQ + O (k2)



Summary&Outlook

summary
Spin hydro of Dirac fermions need boost variables in general

Dispersion relations for spin hydro of Dirac fermions & general spin particles

Outlook
Causality and stability analysis with nondissipative transports

Possible solution with 5 = ?

Thanks for your attention!




Spin polarization

Global Polarization Local polarization
. Sign problem
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Shear-induced polarization, Eos,
Initial condition sensitivity...
PRL 127,142301 2021 JHEP 07,188 2021,
10 PRL 127,272302 2021 PLB 820,136519 2021,
Expenment = Theory syy (GeV) PRC 104, 064901 2021; PRC 105, 064909 2022..
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