
Acta Physica Polonica B Proceedings Supplement 16, 1-A39 (2023)

SPIN-THERMAL SHEAR COUPLING IN RELATIVISTIC
NUCLEAR COLLISIONS∗

M. Buzzegolia, F. Becattinib, G. Inghiramic, I. Karpenkod

A. Palermob,e

aDepartment of Physics and Astronomy, Iowa State University
Ames, Iowa 50011, USA

bUniversità di Firenze and INFN Sezione di Firenze
Via G. Sansone 1, 50019 Sesto Fiorentino (Florence), Italy
cGSI Helmholtzzentrum für Schwerionenforschung GmbH

Planckstr. 1, 64291 Darmstadt, Germany
dFaculty of Nuclear Sciences and Physical Engineering

Czech Technical University in Prague
Břehová 7, 11519 Prague 1, Czech Republic

eInstitut für Theoretische Physik, Johann Wolfgang Goethe-Universität
Max-von-Laue-Straße 1, 60438 Frankfurt am Main, Germany

Received 28 July 2022, accepted 22 August 2022,
published online 14 December 2022

The spin polarization measurements of particles emitted in heavy-ion
collisions have opened the possibility for new phenomenological investiga-
tions of spin physics in relativistic fluids. The theoretical predictions of
global polarization are in agreement with the data, but consistent discrep-
ancies stand out for the local polarization. We show that the covariant
theory of relativistic quantum fluids at the local equilibrium implies an ad-
ditional, non-dissipative contribution to the spin polarization vector, which
is proportional to the thermal shear, which has been previously overlooked.
This additional contribution, together with an improved approximation in
the expansion of the local equilibrium density operator, restores the quanti-
tative agreement between the theoretical predictions and the experimental
data.
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1. Introduction

Spin polarization in the Quark–Gluon Plasma created in relativistic
heavy-ion collisions was first reported in [1, 2]. The measured global (i.e.,
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integrated over all momenta) spin polarization of Λ hyperons is in quan-
titative agreement [3] with the predictions based on local thermodynamic
equilibrium, which implies a relation between spin and thermal vorticity [4].
However, those predictions are not able to reproduce the local (i.e., as a
function of momentum) polarization measured in [5, 6] for Au+Au colli-
sions at 200 GeV. In particular, the sign of the longitudinal component of
spin polarization (P z) as a function of the azimuthal angle is opposite to
the model predictions [3].

In this work, which is largely based on Refs. [7, 8], we will show that
the inclusion of the effect of the thermal shear and an improved approxima-
tion of the statistical operator restores the quantitative agreement between
hydrodynamic model predictions and local polarization measurements.

2. Spin polarization

We start by deriving the spin polarization vector for a relativistic fluid
close to the local thermal equilibrium. The mean spin vector of a Λ hyperon
is obtained from [9]

Sµ(p) =
1

2

∫
ΣFO

dΣ · p tr4
[
γµγ5W+(x, p)

]∫
ΣFO

dΣ · p tr4 [W+(x, p)]
, (1)

where ΣFO is the Freeze-Out hadronization 3D hypersurface, and W+(x, p)
denotes the future time-like part of the Wigner function. For a weakly
interacting hadron, we can use the Wigner function of the free Dirac field

W (x, k)AB =
1

(2π)4

∫
d4y e−ik·y 〈: Ψ̄B (x+ y/2)ΨA (x− y/2) :

〉
, (2)

where the symbol ⟨X̂⟩ = tr(ρ̂ X̂) denotes a thermal average with the statis-
tical operator ρ̂.

In the hydrodynamic picture of the QCD plasma, the statistical operator
is assumed to be the local equilibrium density operator specified by the
initial conditions [10]. Neglecting the dissipative effects, it is given with a
good approximation (corresponding to ideal dissipationless hydrodynamic)
by its local equilibrium form

ρ̂ ≃ ρ̂LE =
1

Z
exp

− ∫
ΣFO

dΣµT̂
µνβν

 , (3)

where β = (1/T )u is the four-temperature vector and T̂µν is the stress-
energy tensor.
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The Wigner function (2) resulting from the statistical operator (3) is
obtained by taking advantage of the separation of scales in the hydrodynamic
regime. In fact, since β is slowly varying compared to the microscopic length
scales, one can Taylor expand it around the point x

βν(y) ≃ βν(x) + ∂λβν(x)(y − x)λ + · · · (4)

Stopping at the first order in derivatives, one can approximate the statistical
operator as

ρ̂LE ≃ 1

Z
exp

[
−βν(x)P̂

ν +
1

2
ϖµν(x)Ĵ

µν
x − 1

2
ξµν(x)Q̂

µν
x + · · ·

]
, (5)

where P̂ ν is the total four-momentum, Ĵµν
x is the total angular momentum

operator, and Q̂µν
x =

∫
dΣλ

[
(y − x)µT̂ λν(y) + (y − x)ν T̂ λµ(y)

]
, while

ϖµν = −1

2
(∂µβν − ∂νβµ) , ξµν =

1

2
(∂µβν + ∂νβµ) (6)

are, respectively, the thermal vorticity and the thermal shear. Using the
linear response theory, the mean spin vector (1) results in [7]

Sµ(p) = −ϵµρστpτ

∫
ΣFO

dΣ · p nF(1− nF)
[
ϖρσ + 2 t̂ρ

pλ

ε ξλσ

]
8m

∫
ΣFO

dΣ · p nF
, (7)

with nF = (eβ·p−ζ +1)−1 and t̂ is the time direction in the laboratory frame.
The first term is the spin polarization induced by thermal vorticity [4] and
the second is the spin polarization induced by thermal shear [7, 11]. The
thermal shear contribution was neglected in the previous analysis, but its
presence was also confirmed in later studies [12, 13].

The impact of shear-induced polarization in heavy-ion collisions is stud-
ied in Refs. [8, 13–19]. It was found that the thermal shear contribution
in (7) helps in reducing the discrepancies with the data taken for Au+Au
collisions at 200 GeV, but does not recover a full quantitative agreement
and that local polarization can be very sensitive to the equation of states,
viscosities, and the freeze-out temperature.

3. Isothermal equilibrium

For the relativistic nuclear collision at very high energy, the chemical
potentials are negligible, and temperature is the only effective intensive vari-
able. Then, the decoupling occurs at a constant temperature, and ΣFO is
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an isothermal hypersurface. It follows that, at very high energy, the statis-
tical operator (3) assumes the form of Isothermal Local Equilibrium (ILE)
obtained by moving the constant temperature out of the integral sign

ρ̂ILE =
1

Z
exp

− ∫
ΣFO

dΣµT̂
µν

(
uν
TFO

) =
1

Z
exp

− 1

TFO

∫
ΣFO

dΣµT̂
µνuν

 .

(8)
We now evaluate the mean spin polarization (1) using (8). It is clear that,
in this situation, we do not need to Taylor expand the whole β field as done
in Eq. (4), but only the fluid velocity: uν(y) ≃ uν(x)+∂λuν(x)(y−x)λ+ · · ·
The result is the following improved formula for spin polarization at high
energy [8]:

Sµ
ILE(p) = −ϵµρστpτ

∫
ΣFO

dΣ · p nF(1− nF)
[
ωρσ + 2 t̂ρ

pλ

ε Ξλσ

]
8mTFO

∫
ΣFO

dΣ · p nF
, (9)

with ω and Ξ, the kinematic vorticity and shear:

ωρσ =
1

2
(∂σuρ − ∂ρuσ) = Aρuσ −Aσuρ +

1

2
ϵρσµνω

µuν , (10)

Ξρσ =
1

2
(∂σuρ + ∂ρuσ) =

1

2
(Aρuσ +Aσuρ) + σρσ +

1

3
θ∆ρσ , (11)

where ∆µν = gµν − uµuν , A = u · ∂u is the acceleration field, σ is the
shear tensor σµν = 1

2(∇µuν + ∇νuµ) − 1
3∆µνθ, and θ = ∇ · u, with ∇µ =

∂µ − uµ∂ · u. By comparing Eq. (9) with Eq. (7), we see that if we do not
use the ILE at high energies, we are evaluating the spin polarization with
an error proportional to the temperature gradients. Notice however that
temperature gradients are not being neglected in the ILE as they are still
non-vanishing even though orthogonal to the hypersurface.

In Fig. 1, we report on the model predictions of P z obtained with Eq. (9)
at TFO = 150 MeV. The inclusion of thermal shear and the use of ILE is then
capable of reproducing the experimental data. In Fig. 2, we also report the
second-order Fourier harmonic coefficient of longitudinal polarization as a
function of transverse momentum. Future investigations are needed to study
the decay contribution to spin polarization, the dependence on viscosities
and on initial conditions, and to make predictions at other energies.
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Fig. 1. Longitudinal components of Λ polarization (P z) at ILE as a function of the
azimuthal angle for a decoupling temperature of TFO = 150 MeV [8]. The calcu-
lations are done with averaged MC Glauber IS corresponding to 20–60% central
Au–Au collisions at 200 GeV RHIC energy. Experimental data points are taken
from [5].

Fig. 2. Contributions to the quadrupole longitudinal components of Λ polarization
at ILE stemming from kinematic vorticity ω, shear tensor σ, acceleration (from
vorticity Aϖ and shear AΞ), and expansion rate θ, see Eqs. (10) and (11).
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