Ministero
dell'Universita
edella Ricerca

Developments in relativistic spin hydrodynamics

David Wagner

based mainly on

DW, Phys.Rev.D 111 (2025) 1, 016008
DW, MS, DHR, Phys.Rev.Res. 6 (2024) 4, 4
DW, N. Weickgenannt, DHR, Phys.Rev.D 106 (2022) 11, 116021

19.03.2025

EL —-\
| N !|:mlz\:j CRC-TR2n DFG -

Strong-interaction matter
under extreme conditions




0 Motivation & open questions
© Deriving spin hydrodynamics
© Numerical results (preliminary)

@ Conclusions

David Wagner Spin hydro 19.03.2025 1



Motivation & open questions




Global A-Polarization
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¢ “Global”: Integrated

polarization along the direction

of orbital angular momentum \ ~yp
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> Analogous to Barnett effect
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Local A-Polarization

PZ(p— Wrp)

F. Becattini, M. Buzzegoli, G. Inghirami, |. Karpenko, A. Palermo,
PRL 127, 272302 (2021)
¢ “Local”: Angle-dependent polarization along beam-direction
¢ Can only be explained by incorporating shear effects
— Simple picture of equilibrated spins not complete
¢ Possible answer: develop a theory of spin hydrodynamics to describe
polarization dynamics
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Analogy: Magnetic resonance imaging (MRI)

¢ MRI: Large constant B-field
in z-direction and short-lived

alternating field in x, y-plane )\
¢ |dentify materials by ’

relaxation times 17, Tb \ -\

https://en.wikipedia.org/wiki/Bloch_equations

Bloch equations

ToM, oy + M,y = p2 (M x B)
T M, + M, = pi; (M x B)

T,y

z

— 99 — 99
M1 = Tlﬁ, H2 = T2%
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Deriving spin hydrodynamics



Spin Hydrodynamics: Basics

® Theory is based on conservation laws for energy-momentum tensor
and total angular momentum tensor

8, T" =0
OnTN = RRSM 4 TIH) =

Al .= A BY — AV B*
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Spin Hydrodynamics: Basics

® Theory is based on conservation laws for energy-momentum tensor
and total angular momentum tensor

8, T" =0
BT = BBASMY 4 T =

10 equations for 16424 quantities

Additional information about dissipative quantities has to be provided

Here: Use quantum kinetic theory as the microscopic basis

For small polarization: spin tensor can be described through 11
quantities:

> the spin potential Q4" = ulty! + By w4,

> the spin-shear-stress tensor t"”

AWBYl .= AMBY — AYBF
SV = Au*u[‘%g] + Bure®*Pugwo s + Cult e Pugwo 5 + DAA[HHS] + EtMryV]
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Spin hydrodynamics: Procedure

( QFT )
id—m) Y = )
- ( ) 7 gint < /\mfp
A4
( QKT )
Length scale
 keof=clyl |
- Hy‘:jro 2 >\mfp < Lhydro
\4 0, T* =0

David Wagner Spin hydro 19.03.2025 6



Dissipative spin hydrodynamics

DW, Phys.Rev.D 111 (2025) 1, 016008

Tww(@ +wl) = —Bowh + &me“”aﬂuyv Kopg+ -

il + i = —Boit + bVMao + e, Vawo,s + bt AV, +

) 4 = 0Bp0 + EmVWHO) +

e System of coupled relaxation-type equations
> Relaxation controlled by times 7, 7., T¢
> At late times: Spin determined by fluid gradients: wf(, ut, oM, VFayq

Bo=1/T, ao == pJT
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Relaxation times and first-order coefficients

DW, Phys.Rev.D 111 (2025) 1, 016008
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* 7, grows with 22 compared to 7, and 7

® 7¢ vanishes for z — 0
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Numerical results (preliminary)




3-+1 simulation: different interactions

Sapna, S.K. Singh, DW et al., in progress
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3-+1 simulation: Polarization

Sapna, S.K. Singh, DW et al., in progress
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Summary and outlook

¢ Spin hydrodynamics derived from quantum kinetic theory shows
promising results
® Future prospects:

> Further study of spin hydro in various setups, in particular polarization
dynamics
> Expected to become even more relevant at lower collision energies
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Appendix



Appendix: Angular momentum and collisions

y £

W. Florkowski, A. Kumar, R. Ryblewski, Prog. Part. Nucl. Phys. 108, 103709 (2019)

® Assume that collisions take place in a point
—» Total orbital angular momentum vanishes
— Spin is conserved on its own
— No exchange of spin and orbital angular momenta

¢ Collisions must be nonlocal for spin equilibration!

® Becomes manifest through a spacetime shift A# that is fixed by the

microscopic interaction
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Appendix: Equilibrium

¢ Local-equilibrium distribution function makes local collision term
vanish (without spacetime shifts A*)
® Has to depend on the collisional invariants
— Charge, four-momentum and total angular momentum
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Appendix: Equilibrium

¢ Local-equilibrium distribution function makes local collision term
vanish (without spacetime shifts A*)
® Has to depend on the collisional invariants
— Charge, four-momentum and total angular momentum

Local-equilibrium distribution function

h
feq(®, k,5) = exp (ﬂ() — BoEx + 590,;“/22“/)

® Necessary conditions on Lagrange multipliers for a vanishing nonlocal
collision term: 9 =0, ¥ (Byu)) =0, QY = —%3[“(60u”])

® Same conditions as for global equilibrium, where k - 0feq = 0

SEY = —%euuaﬁk‘aﬁg, Ex:=k-u
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Appendix: Conserved currents in QKT

Conserved currents

1
§T(’“’) = / dTk K f

1
AW — o / dTE eH Pl 55 f

Tl _ %/[dF]VNVA[”k”] (fif2=1f)

Conservation laws

/drkm[f] —0

/ APk, 5501 f] = / (Qir;:) D)

[dF] = dF1 ng dar dF/
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Appendix: Polarization in spin hydrodynamics

Local Polarization

si= 200 [ s (u“wgkl, — Bl + By ok 5) folo
0 N(k)m 0 )
ssH = — 20 / AS\EKHE. o fo fo
N(k) !
X (;neo"g’wiwkpna + }:tfpwewaapugkwkw)

Global Polarization
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Appendix: Nonlocal collisions

DW, NW, ES, 2306.05936 (2023)

Spacetime shifts

ih m 516
AR = 8m ]/\}]\4’7/1"’/2 ! 2MC1<2771772h1 Y11 h‘2:'72772hC252 [h y ]Clél

® Depend on the transfer-matrix elements
<11’| tA|221> = ﬂl,a’ﬁll’@qu’U,Q/ﬁMa'B'ya

¢ Manifestly covariant
— no “no-jump” frame

h= 5 (1 +y58) ( +m)
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Appendix: Some interactions

Scalar interaction

Maa/alaz = ? (5aa15a/a2 - 50104250/041)

Thermal gluon exchange

29 o Guv W Guv -,
h aog (k k ) mgh [e'e%)) o (k k2) _ m2 a’ag

* men = /2Nc + NpgT/(3v2)

Maa’alaz -
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Appendix: Spin waves

® K and w follow coupled relaxation equations

—» Disentangle longitudinal and transverse components

o

Transverse components: Damped waves

k+ak+bk—c2Ak =0,
O+ aw +bw — EAw =0,

V. E. Ambrus, R. Ryblewski, R. Singh, Phys. Rev. D 106, 014018(2022)
J. Hu, Z. Xu, Phys. Rev. D 107, 016010 (2023)
DW, M. Shokri, D. H. Rischke, Phys.Rev.Res. 6 (2024) 4, 4

TetTw — 1 2 . pepe
e b= e c: = )

a ‘=
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Appendix: Moment method

* Split distribution function f = feq +0f

¢ Perform moment expansion including spin degrees of freedom

Irreducible moments

p:‘rll“'/M (aj) = /dPE{;k'O“ o kﬂ@)éf($’ k75)

I () = /dFE“E{;k(M ...k#£>5f(x, k,s)

¢ Equations of motion can be derived from Boltzmann equation

¢ Knowing the evolution of all moments is equivalent to solving the
Boltzmann equation

o AML Y v
ESHL L ke = ARLTLe R
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Appendix: Moment method

* Split distribution function f = feq +0f

¢ Perform moment expansion including spin degrees of freedom

Irreducible moments

Standard dissipation
phrh ()| = /dI‘E{;kQ“ . --k’”)éf(m,k,s)
i () = /dFs“Eﬁle ---k:“f>5f(x, k,s)
Spin dissipation J

¢ Equations of motion can be derived from Boltzmann equation

¢ Knowing the evolution of all moments is equivalent to solving the
Boltzmann equation

o AMLHeY v
ESHL L ke = ARLTRe R
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Appendix: IReD

DW, A. Palermo, V. E. Ambrus, Phys. Rev. D 106, 016013 (2022)
DW, Phys.Rev.D 111 (2025) 1, 016008)

¢ Basic idea: Power-counting scheme to second order in
> Knudsen number Kn := A/ Liydro
> inverse Reynolds numbers Re™' ~ §f/ foq

¢ Derive asymptotic (Navier-Stokes) relations to close the system

Asymptotic matching (example)

P = ot + O(KnRe ') = %WW + O(KnRe™)
0

* The same procedure can be done for the moments /1" #¢

* Many moments can be related to w} and xf
» No need to introduce more dynamical quantities

* Exception: tensor-valued moments " = 7, , 5e")BPy,,
» Additional dynamical quantity t** is needed, S ~ M1yl
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