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Rotation and Polarization : Barnett effect

An initially unmagnetized body becomes magnetized under rotation, due
to spin alignment induced by conservation of total angular momentum.

M = xQ/v

where x is the magnetic susceptibility, 2 is the angular velocity and = is
the gyromagnetic ratio.

Image source : Front. Phys. 3:54 (2015)



Polarization in lab. QGP?

@ Nuclei carry a large orbital angular
momentum (OAM),

LO = pb ~ A‘/SNNb/Z

reaction plane
7

e e.g. for \/syny =200 GeV and b=5
fm, Lg ~5x 105.

@ A fraction of Ly if transferred to QGP
fireball will result in polarization of
quarks.

Image source -
arXiv:0910.4114
@ A signature of an OAM would be the
polarization of the emitted hadrons



Experimental observation of A-polarization
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Perturbative QCD approach to spin polarization

Given the nature of partonic interaction at high energy, the global
angular momentum would never lead to a collective rotation of the
system. PRL 94, 102301 (2005)

Global rotation leads to gradient of p, in transverse plane leading to
relative momentum Ap, = ‘Z)’j Ax and hence relative OAM (AxAp;)
between two quarks. This leads to quark polarization due to

spin-orbit coupling.

In coalescence model, Py = Ps =~ P,.

This calculation gives large polarization value compared to data.




Hydrodynamic approaches to spin Polarization

@ Without Spin Current Evolution
@ Quantum Statistical Approach
@ Based on local equilibrium density matrix (Zubarev formalism)

@ Spin polarization from thermal vorticity and thermal shear
[Becattini-Buzzegoli-Palermo (BBP)]

@ Equilibrium Chiral Kinetic Theory

o First-order gradient expansion of axial Wigner function

@ Spin polarization from thermal vorticity and thermal shear [Liu and Yin

(LY)]

@ With Spin Current Evolution
@ (ldeal) Spin Hydrodynamics

@ Derived from kinetic theory with local collisions
o Spin treated as classical O(h°) field

@ (Dissipative) Spin Hydrodynamics
@ Derived from kinetic theory with non-local collisions

@ Spin treated as quantum O(h) effect



Quantum statistical approach

@ Consider a non-relativistic system of spin—% particles in
thermodynamic equilibrium and rotating with angular velocity w. The
density operator is given by

1 1 e ~
p=—=exp |—=(H—-&.J
p=Zexp [ ( )}

where H is the Hamiltonian operator and J is the total angular
momentum operator.

@ Mean spin is given by

(§) = tr[48]

@ Assume the rotation to be along the z-axis and no spin-orbit
coupling. A convenient basis is the eigenbasis of J, and S, denoted
by |n, m;, ms). We have

~

A k w w



Quantum statistical approach

AOP 338, 32 (2013); PLB 820, 136519 (2021) and PRL 127, 272302
(2021)

e Compute local equilibrium density operator (pg) by maximizing
entropy (S = —tr[p logp]) subject to constraints

n, tr[pTH] = n, TH , n,, tr[pNH] = n, N#

In the Belinfante pseudogauge (spin tensor is 0), the procedure gives:

1 N N . u, I
D = — — (AL H = — = —
PLE Zie exp [ /zdzu (ﬂyT (N )] with 3, + ,C +

@ Evaluate the mean value of a quantum operator as

O(x) = tr[pLe O(x)]



Polarization of spin-1/2 particles in a fluid cell is

1
Su(x, p) = _87m€up<ﬂ(1 — ne)wp” + O(w?)

where nf is the Fermi-Dirac distribution and w,, is thermal vorticity
defined as

1 .
Wpo = 5(305,, — 0pBs) with Bp = £

Mean polarization vector is given by

Js (dX.p) $*(x, p)ne(x, p)
Js (dX.p) ne(x, p)

Input T, u* and their gradients from the numerical solution of relativistic
hydrodynamics to compute the above expression.

$"(p) =




Hydrodynamic simulation for global polarization

Available online at www.sciencadiract.com
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Spin sign puzzle

"Hydrodynamics predict a negative sign of the longitudinal component of
the polarization vector.”
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Ann. Rev. Nucl. Part. Sci. 70 (2020) 395

Additional contribution from thermal shear, £, = (0,8, + 0,8,), was
derived such that

S"(p) = Sk(p) + St (p)
The sign of longitudinal polarization is still negative.



Isothermal approximation

At high energies ug ~ 0. Hence, constant energy density implies constant
T on X, so that

1 A
PLE ~ exp [/ dx, T‘”’u,,]
TJs
This gives Prescription | (PRL 127, 272302 (2021))

A pN —
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Chiral kinetic theory approach

JHEPO07(2021)188 and PRL 127, 142301 (2021)
@ The expression of axial Wigner function A* from chiral kinetic theory
is
A= S <Apuﬁ N 16"”)‘%“&3,0’3)
2 p-u
A==+
Replace fy with local equilibrium distribution ng(5(co — Aey)) with
g0 =p-u, Aey = —Aw - p/(220) and expand to first order in
gradients. Finally, averaging over X gives Prescription Il

St(p) = Sz(p)+ SEiy(p)

A
JdTp np(1—np) 226

m . eHVpT
S&J_Y(p) - T T4m pO' fdzp nF

e For m = mp, S;(¢) has wrong sign. However, for m ~ 300 MeV, the
sign is correct. “The memory of strange quark polarization is
preserved in the measured N\ polarization”.
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Results from Prescription Il. Image source: PRL 127, 142301 (2021)




LHC PbPb 5020 GeV LHC PbPb 5020 GeV, 30-50%
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(g distribution on the particlization surface

Weighted density
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SKS, R. Ryblewski, W. Florkowski, PRC 111, 024907 (2025)



Spin polarization

in small systems
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Spin relaxation times
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Spin relaxation times in units of the relaxation time of the shear-stress tensor (7;)
for a scalar four-fermion interaction, Liny = G(z/)zb)2 plotted as a function of
z=m/T. Image source: Phys.Rev.Res. 6 (2024) 4, 043103



Relativistic spin hydrodynamics

@ Prescriptions | & |l assume instantaneous equilibration of spin degrees
of freedom.

@ Spin relaxation time can become comparable to the lifetime of the
fireball. In that case spin dynamics cannot be neglected.

@ Spin dynamics is introduced by demanding conservation of total

angular momentum
Dﬂﬂwzﬂ -0

in addition to conservation of energy-momentum and charge
D, T"(x)=0 , D,N*(x)=0.
o We have JwoB — [meB 4 GuabB \where [HoB — THBxl This gives
DNS“’O‘B — TBa]l — TBa _ TaB

where TP is the antisymmetric part of energy-momentum tensor.



Kinetic description of currents

@ In kinetic theory, macroscopic quantities are obtained from moments
of the single-particle distribution function

3
NM:/ ap p,u f(X,p)

(2m)3p°

v d°p ’
™ z/(zﬂ)%o p" p” f(x,p)

o Can we define an analogous expression for the spin current, S*37?

@ This requires extending f(x, p) to include spin degrees of freedom —
spin-dependent distribution f(x, p, s).
Steb = / dl k" X% f(x,p,s)

where ¥4 = — LBk 55 and dl is the measure for extended
phase space.



@ The goal is to derive a kinetic equation for f(x, p,s) that relaxes to
equilibrium. In the spin sector, this requires that collisions allow
conversion between orbital and spin angular momentum to conserve
total angular momentum.

@ The time evolution of the single-particle distribution function,
f(x,p,s), is determined by the Boltzmann equation

k-af(x> p,s) = C[f] = Clocal[f] + Cnonlocal[f]

@ Non-local collisions provide an exchange mechanism between spin and

orbital angular momentum, facilitating spin equilibration.
y 1

2 Image
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@ Equilibrium distribution is defined as
Clocal[ﬁeq] =0

@ Local-equilibrium distribution function is

u oh -1
feq(X7 P,5) = [exp <p7- - % - 7 QO,,ul/zéw> + 1:|

where Qq ., (or wy,) is known as spin potential.

@ Spin potential is a rank-2 antisymmetric tensor and can be
decomposed as

QY = ut'kl — UKl + P ugwo g

@ The anti-symmetric part of energy-momentum tensor is

v ho v v
Tl = /dr wocl] = T #o



@ The equations of ideal spin hydrodynamics are
v v _ 1o
DT =0+ 0(?) ., DS =T+ 00
@ In small polarization limit, spin evolution decouples from the

background. Numerical solution of spin hydrodynamics requires ug,
T and u* from the background.

Image source: https://pixabay.com/



Relativistic dissipative spin hydrodynamics

Derived in D. Wagner, PRD 111, 016008 (2025) using the moment

expansion method. Numerically solved in Sapna, SKS and D. Wagner,
arXiv:2503.22552

uw
Tww(ﬁ” +wh = —w—;_( + Owwwh 8 + etveBy, (L Vako,g — Twlakog)

+ Aowwop + Aottt owi
Tnké“> + Ky = —u—_;j + Oprkin O + ety (%Vawo’g + Tnuaw(m)
+ EmA‘;V,,t”A + Tt + ()\ma“” + %wﬁ") Ko,u,
W) g — ETUMV + 8t 0 + Aty o + gntﬁ“w,‘g” + L VY

+ Ttwwf(”wg) + )\twa,\meyw‘o‘ﬁ UqWwo 8.
In above equations, the symbols are as follows:

A = AA, A=u-0A, V' =A"0, o =DWy”

wh’ = EA“A”D[O‘uﬂ] = e“”o‘ﬁuawKﬂ



Results: Time evolution of spin potential and spin-shear
stress

T — ;
- Isp
0-10 Fresermanen,, ———— IS
o~ I my T Iy
Sc ,." ............ (wz'z)
& 0.05F/7 ]
.I N
4 s
I,—\*\\ \.\\ 5
TNl TPy
0.00 5 " .
7 (fm)

Sapna, SKS, D. Wagner, arXiv:2503.22552

Results are for three interactions (i) Scalar (Is): Lints = ( )2, (i)
)

Scalar+Pseudoscalar (Isp): Lintsp = G[(¥1))? — (¢ys10)?], and (iii
Vector (Iy): Lintv = —G(hyH1))?



@ The spin polarization is given by Prescription Ill

$*(p) = SL(p) + Sk (p) + S{'(p)

where

/d H(wo - P)*WO(P u)fofo,
p 2m/\

EMVpOUV ~
Slg(p) = _N(p) /dz pT/\p’%o,pfbfb )

1 GMVPUUVPAPU z
bp)= —— [ dE . pS_ WP Py 7
Sc(p) N(p)/ P3T2(c + p) MO0

and fy denotes the Fermi-Dirac distribution, % =1-1y, and
N(p) =2 [dX - pfo.

e Note that S/'(p) is a dissipative correction to spin polarization.



Results: Spin Polarization
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Results: Sensitivity to mass parameter
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@ Dissipative effects are necessary to describe the polarization
measurements.



Kinetic theory approach with local collisions only

@ The energy-momentum tensor is symmetric, so that total spin is
conserved (PRC 97 (2018) 4, 041901)

D,S"*? =0
e Equilibrium spin tensor is given by (PRC 98, 044906 (2018))
SUBY = A uW®Y + Agu“u[ﬁﬁg] + A3 (u[ﬁuﬂ]o‘ + ga[ﬂng]>

where kg ;, = wuu® and

e (o ) (F) 3 (5)
w1 ) () 2w ()

e o () + 3 ()

@ Numerical solution of spin hydrodynamics require initial spin potential,
T(x), us(x), and u*(x).



Numerical solution of spin conservation equations

@ The spin conservation equations are numerically solved in SKS, R.
Ryblewski and W. Florkowski, PRC 111, 024907 (2025).

@ Similar to traditional hydrodynamics, we need an initial condition and
information about the spin thermalization time (73). We treat the
initial time as a parameter, with two parameters in total: m and 7§.

@ We use the following initial condition for the spin polarization tensor
iso

S\ _ _iso ~ P
wHV(TO) = W + 47—[# l/]pu )

7 =(1,0,0,0) being the unit normal to constant 7 hypersurface.

@ The spin polarization is obatined using Prescription IV (see also PRC
105 (2022), 044907)

1 dy - 1-— v
S,u(p) _ el,wpapo_f p nF( nF)w P
8mp [d¥-pnf




@ Note that the initial time for background hydrodynamics is 1 fm. We

take mpy = 1.115 GeV.

m = my
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@ “Good” fit is obtained if the initial spin time is 4 fm. What happens
between 1 and 4 fm? Dissipative processes are important at early
times, while spin-conserving processes dominate at later stages.



o We fix 7§ = 4 fm,
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Simulation results for a fixed 7§ but different mass (left) m = 300 MeV,
(right) m = 1.115 GeV PRC 111, 024907 (2025)

o “Good” fit is obtained for small m. Relaxation seems to be faster for

less massive particles.



Summary

Discussed four prescriptions for analyzing spin polarization.

Equilibrium based approaches rely on assumptions that are not
universally valid.

Discussed two schemes for spin dynamics in the fireball produced in
heavy-ion collisions.

Results suggest that at high temperatures and with long fireball
lifetimes, the four prescriptions yield “equivalent” descriptions at the
switching hypersurface

The results also highlight that a consistent treatment of dissipative
effects is crucial in microscopic approaches for matching experimental
data.

The real test of the approaches will be at lower collision energies or in
small systems.



