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Motivation & open questions




Global A-Polarization
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¢ “Global”: Integrated
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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
H1 = Tlﬁ, H2 = T2%
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Spin hydrodynamics



Spin hydrodynamics: Basics

® Theory is based on conservation laws

® Uncharged fluid: consider energy-momentum tensor and total angular
momentum tensor

Conservation equations

0. T" =0
ONT M =i hOASMY 4+ T = 0

¢ 10 equations for 16424 quantities

» Underdetermined system
> Additional information about dissipative quantities has to be provided

® Here: Use quantum kinetic theory as the microscopic basis

AlrBYl = AHBY — A¥B*
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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
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QKT: Boltzmann equation

DW, NW, DHR, Phys.Rev.D 106 (2022) 11, 116021

Boltzmann equation with collisions

k-0f(x,k,s) = %/dFldBdI"é(“)(kl +hy—k— kYW

X [f(l’ aF Al — A, k?l,ﬁl)f(l' Sl AQ — A, ]{32,52)
x f(z, k) f(z+ A — A K8

— (fL‘ + Al — A,kl,ﬁl)f(x + AQ — A,kﬁg,ﬁg)
X f(z,k,8)f(x+ A = AK,6)] .

¢ Equivalence up to first order in quantum corrections:
flx, k,s) + A'O,f(x, k,s) = f(x+ Ak, 5)

* A (momentum- and spin-dependent) spacetime shift A" enters
—» Particles do not scatter at the same spacetime point!

dr := 2d*k6(k? —m?)dS(k), f=1—f
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Nonlocal collisions

= ,'I f ; /

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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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
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“Semiclassical” spin hydrodynamics & equilibrium

Conservation equations

8,74 = 0+ O(R)

ONSM = %T[”“] :

® No backreaction of spin on fluid evolution, fluid profile serves as input
for spin potential

e “Ideal” fluid: Determined through local equilibrium, i.e., by
-1
Fo= [ (o B e kuns) 41

¢ “Ideal” spin evolution determined by spin potential
Qp” = u["/ﬂg} + e Buynwg 5
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Beyond equilibrium: Moment method

* Split distribution function f = feq +0f

¢ Perform moment expansion including spin degrees of freedom

Irreducible moments

Pl () /dFE{;kO“ S k’ue)éf(% k,s)

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
klw o) — ALLB L e
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Beyond equilibrium: 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
klw ) — ALLB L R
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Resumming (spin) hydrodynamics: 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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Dissipative spin hydrodynamics

DW, Phys.Rev.D 111 (2025) 1, 016008
- (1) n_ 12 ) Me by puv P
TuWy = Wy = Bow" + w0+ Auw0™ wo u + Autt™ Wy
ar ewjaﬁuu (éwnvaﬁo,ﬁ - Twuafi(),ﬁ + )\wnIaHO,,B)

Tk 4 Kl = — Bt + BI* + Skl 0 + ()\,ma’“’ + TziwuV) Ko

T, .
+ eﬂuaﬁuy (fvaw(m + TrlUaWo g + )\,Wlawoﬂ>
4 (Tntuu + )\/@tIu) + g/@tAé\LvutW\
. 5
Tl ¢ = 0o + Bt 0 + Mty Vo + Sty Hw A + CV sl

+ )\mI<‘uI€g> + Tww<“wg> + Ao (“e”p‘o‘ﬁuawoﬁ

IN = V“ao
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Relaxation times and first-order coefficient

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

103 T
§ _Tw[/\mfp]
T
F = 7e[Amtp)
10" - E
100;* E
101 .
10*2;— 7
10-3 | | o | | T
10~ 10° 10! 102 101 10° 10! 102

m/T m/T

® 7, grows with 2% compared to 7. and 7

® 7¢ vanishes for z — 0
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Numerical results



Spin evolution

Sapna, S.K. Singh, DW, 2503.22552 (2025)
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Polarization contributions

Sapna, S.K. Singh, DW, 2503.22552 (2025)
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Polarization results

Sapna, S.K. Singh, DW, 2503.22552 (2025)

10 rrrrrrrrr o T T T T 10 _' LA L L B B '_
¢ A (STAR) ===e= Is ] L ¢ A(STAR) ==w=e= Is ]
Isp —mmm- Iy [ Isp —mmm- Iy ]
S 8L 1
il ‘il i .
>| PR SNT S TT S S N S ST SOY S Bt |-
0 1 2 3
pr (GeV)
1.0 N AL B L L LR B
= r AN ¢ A (STAR) 1
< r = -
§ 0.5 i 05 [ //l \\\ ISP
g .
=] r I3
= 00 Q
q, C
~ - Isp === Iy
—0.5 I T B B I RS B  |
0 1 2 3 0 1 2 3
pr (GeV) 1)

17

David Wagner Spin hydro



Comparison to BBP

Sapna, S.K. Singh, DW, 2503.22552 (2025)
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Centrality and mass dependence

Sapna, S.K. Singh, DW, 2503.22552 (2025)
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Summary and outlook

® Resummed spin hydrodynamics was derived from QKT
» Main result: Only the quantities wf/, x[, t"” need dynamical treatment
> All transport coefficients have been computed

® Numerical implementation shows promising results

> Global polarization rather robust
> Local polarization depends on interaction, correct sign can be
reproduced

® Future avenues:

> Study of the spin dynamics in various setups
> Expected to become especially relevant at lower collision energies
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Appendix: Coefficients

Sapna, S.K. Singh, DW, 2503.22552 (2025)
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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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Polarization observables in kinetic theory

Vector Polarization (Pauli-Lubanski Pseudovector)

SH(k) = Tr [ﬁﬂ f)(k)] — ﬁ / A8k / dS(k)s f(z, k, s)

Tensor Polarization

poo(k) = é—\/gef?)(k)fuo)(k)@w(k)

1 Al & 4
O (k) = 5\/§Tr (S(“S”)-I-gK””) ﬁ(k)]

1 /31 ¢ N
= — _—— B'U‘V @ B a8
2\/;N(k)./ ok /ds(k) as® 8 {2,k 9)

N(k) = [d2 k7 [dS(R) f(r,k,s), S = —(1/2m)e"*F ], Pp
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Polarization in spin hydrodynamics

Local Polarization

. 20°h N o wap 7
g = —N(k)m dX\k (u woky, — Exwy + € uykano,ﬁ) fofo
" 20 A iy = rs

X (;neo"g’wiwkpna + }:tfpwewaapugkwkw)

David Wagner Spin hydro 02.04.2025 24



Nonlocal collisions

DW, NW, ES, 2306.05936 (2023)

Spacetime shifts

AP = M71725162MC1C2?71?72}L1 o h2,’72772hC262 [h v ]C151

® 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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Moment equations: Spin-rank 1

® Same procedure as for the moments of spin-rank 0

Moment equation for ¢ = 2

7-75#)71//\ —_ @ffi)i’”‘ =

* Navier-Stokes limit: ¢/ =0

e Contains local and nonlocal contributions

(p) A JTRZON
> Q:r,local ~ Ty

> ca ~ 0y
¢ Leads to shear-induced polarization, coefficient independent of total
cross-section
¢ Magnitude not yet clear
N. Weickgenannt, DW, E. Speranza, D. H. Rischke, Phys. Rev. D 106, L091901 (2022)

N. Weickgenannt, DW, E. Speranza, D. H. Rischke, Phys. Rev. D 106, 096014 (2022)
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