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Effect of thermal shear on longitudinal spin polarization in a thermal model
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By including the recently introduced thermal shear term that contributes to the spin-polarization vector at local
equilibrium, we determine longitudinal polarization of � hyperons emitted from a hot and rotating hadronic
medium using the thermal model with single freeze-out. In our analysis, we consider the RHIC top energies
and use the model parameters which were determined in the earlier analyses of particle spectra and elliptic flow.
We confirm that, unlike the previous calculations done by using only the thermal vorticity, the thermal shear
term alone leads to the correct sign of the quadrupole structure of the longitudinal component of the polarization
three-vector measured in experiments. However, we find almost complete cancellation between thermal shear
and vorticity terms, which eventually leads to disagreement with the data. To clarify the role played by velocity
and temperature gradient terms, we present a systematic analysis of different contributions to the longitudinal
polarization. Finally, replacing the mass of � hyperon with its constituent strange quark mass in the polarization
formula we achieve agreement with the data.
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I. INTRODUCTION

In noncentral heavy-ion collisions at the relativistic beam
energies, the produced medium carries a large orbital angular-
momentum transferred from the two colliding nuclei. A
non-negligible part of such an initial orbital angular momen-
tum can be subsequently transformed into the spin part—an
effect that can be revealed in the spin polarization of emitted
particles [1–4]. As a matter of fact, nonzero spin polarization
of � and �̄ hyperons was measured by the STAR Collabo-
ration at BNL [5,6]. Later on, the spin polarization of other
particles (K∗, φ) was also observed by the ALICE Collabora-
tion at CERN [7].
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The results obtained by STAR indicate that the global spin
polarization of �s points along the direction perpendicular to
the reaction plane, which resembles the magneto-mechanical
Barnett effect [8] and the Einstein–de Haas effect [9]. This
feature has been successfully explained by the relativistic
hydrodynamic models [10–14]. In this approach, the basic
quantity that governs the spin-polarization effects is the ther-
mal vorticity tensor [11,14,15] defined by the expression
�μν = − 1

2 (∂μβν − ∂νβμ), where the four-vector βμ is defined
as the ratio of the fluid flow vector uμ and the local tempera-
ture T , i.e., βμ = uμ/T . The expression for thermal vorticity
suggests that spin-polarization effects are solely determined
by the hydrodynamic fields uμ(x) and T (x) at freeze-out.

Due to the successes in explaining global polarization,
it has been an intriguing experimental observation to sub-
sequently find out that the predictions of hydrodynamic
models [14] fail to reproduce the momentum dependence of
longitudinal spin polarization of �s [16] [i.e., the spin po-
larization along the beam (z) direction]. For a recent review
of this issue see Ref. [17]. Hydrodynamic model calculations
yield a quadrupole structure of momentum dependence of
spin polarization along the beam axis, which has as an op-
posite sign compared with that found in the experiment [18].
This mismatch between theoretical and experimental results
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has been dubbed the sign problem [14,17,18]. It suggest
that thermal vorticity, as discussed in various previous stud-
ies [15,19–23], is not the only parameter that accounts for
spin polarization. Recently, it has been proposed that the
sign problem can be resolved [24,25] by including the pre-
viously overlooked shear-induced polarization governed by
a symmetric tensor (thermal shear) defined by the formula
ξμν = 1

2 (∂μβν + ∂νβμ) [26,27], see some more Refs. [28,29]
about shear effects. However, the agreement with the data
is obtained only if, in addition, the temperature gradients in
thermal vorticity and shear are neglected [24] or, the mass
of the � hyperon is replaced by the constituent mass of the
strange quark [25].

This type of behavior asks for a clarification of the role
played by various contributions included in �μν and ξμν . To
do so, in the present paper we consider the thermal model with
single freeze-out (SF) [30]. In the past, thermal models have
been successfully used to describe various hadronic yields and
spectra in the final stages of heavy-ion collisions [31–35],
therefore, it is natural to choose them to study the spin polar-
ization of the emitted hadrons such as the � and �̄ hyperons.
In our recent paper that used the single-freeze-out model [36],
we included only the contributions to spin polarization com-
ing from the thermal vorticity. In this work, we take into
account the additional effects due to the thermal shear.

We note that the single-freeze-out model has been used
in the past for Au + Au collisions at the top RHIC ener-
gies to describe various features of soft hadron production
(particle yields, transverse-momentum spectra, elliptic flow,
HBT radii). Thus, we can use the previous estimates of vari-
ous model parameters to calculate the final spin polarization
of particles at freeze-out. In particular, since the thermal
vorticity �μν and the thermal shear tensor ξμν are the an-
tisymmetric and symmetric combinations of the fluid field
gradients, respectively, we can obtain them from the already
known parametrizations of the hydrodynamic flow at freeze-
out. Temperature gradients in the direction orthogonal to the
freeze-out hypersurface are obtained in this case from the
hydrodynamic equations, using the method developed in our
previous paper [36].

The paper is organized as follows: In Sec. II we give a brief
description of the thermal model with single freeze-out. In
Secs. III and IV we discuss the calculation of various com-
ponents of the thermal vorticity �μν and thermal shear ξμν .
To gain more insight about the contributions from the temper-
ature gradient terms, we split both the thermal vorticity and
thermal shear tensors into two separate parts: �μν = � I

μν +
� II

μν and ξμν = ξ I
μν + ξ II

μν . Here the terms with superscript I
represent the contributions from velocity gradient terms, while
the terms with superscript II represent temperature gradient
terms. In Sec. V we discuss various observables related to the
spin polarization of particles. Finally, in Sec. VI we discuss
our results.

Notation and conventions. For the Levi-Civita tensor εμνρσ

we follow the convention ε0123 = −ε0123 = +1. The met-
ric tensor is of the form gμν = diag(+1,−1,−1,−1). We
denote the scalar product of two four-vectors A and B as
A · B = AμBμ = gμνAμBν = A0B0 − A · B, where bold font

represents three-vectors. The dual form of a rank-two anti-
symmetric tensor is represented by a tilde,

X̃ μν = 1
2εμναβXαβ. (1)

Throughout the text we make use of natural units, h̄ = c =
kB = 1.

II. THERMAL MODEL WITH SINGLE FREEZE-OUT

In its standard formulation, the thermal model with single
freeze-out uses only four parameters: temperature T , baryon
chemical potential μB, proper time τ f , and system size rmax.1

The two thermodynamic parameters, T and μB, are fit from
the ratios of hadronic abundances, while the two geometric
ones, τ f and rmax, are obtained from the fits of experimental
transverse-momentum spectra (they characterize the freeze-
out hypersurface and the hydrodynamic flow). To be more
specific, the freeze-out hypersurface is defined through the
conditions: τ 2

f = t2 − x2 − y2 − z2 and x2 + y2 � r2
max. The

hydrodynamic flow is assumed to have a Hubble-like form
uμ = xμ/τ .

In this work, we use an extended version of the single-
freeze-out model which may incorporate the phenomena
related to the elliptic flow. This is an important aspect of the
model, as the longitudinal polarization can be explained by
a naive nonrelativistic model that connects spin polarization
with a rotation of the three-velocity field induced by the
elliptic flow in the transverse plane [37]—the sign problem
appears only if one starts to use a relativistic description.

In the extended version of the thermal model, we include
the elliptic deformations of both: the emission region in the
transverse plane and the transverse flow [38]. The elliptic
asymmetry in the transverse plane is included by the following
parametrization of the boundary region

x = rmax

√
1 − ε cos φ, y = rmax

√
1 + ε sin φ. (2)

In the above equations, φ is the azimuthal angle, while rmax

and ε are the model parameters. Note that here we take ε >

0 which implies that the system formed in the collisions is
elongated in the y direction (out-of-plane). Accordingly, the
asymmetric flow profile is given by the expression

uμ = 1

N
(t, x

√
1 + δ, y

√
1 − δ, z), (3)

where the parameter δ characterizes transverse flow
anisotropy. The condition δ > 0 corresponds to the case
where there is more flow in the reaction plane (positive
elliptic flow). The normalization factor can be obtained by
using the normalization condition uμuμ = 1, which gives

N =
√

τ 2 − (x2 − y2)δ, (4)

where the proper time τ is defined by

τ 2 = t2 − x2 − y2 − z2. (5)

1Other thermodynamic parameters, such as the strange and isospin
chemical potentials, are not independent. They follow from the as-
sumptions about the strangeness and charge neutrality of the system
(valid for midrapidity region at relativistic energies).
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TABLE I. Geometric model parameters used to describe the
PHENIX data at

√
sNN = 130 GeV for three different centrality

classes [39,40]. The freeze-out temperature used in the calculation
is Tf = 165 MeV.

c % ε δ τ f [fm] rmax [fm]

0–15 0.055 0.12 7.666 6.540
15–30 0.097 0.26 6.258 5.417
30–60 0.137 0.37 4.266 3.779

We use herein the values of ε, δ, τ f , and rmax that have
been used before to describe the PHENIX data for three
different centrality classes at the beam energy

√
sNN =

130 GeV [39,40]. They are collected in Table I.

III. COMPONENTS OF THERMAL VORTICITY AND
THERMAL SHEAR

The thermal vorticity tensor is defined by the equation

�μν = − 1
2 (∂μβν − ∂νβμ), (6)

where βμ = uμ/T . It can be rewritten as a sum of the two
terms

�μν = − 1

2T
(∂μuν − ∂νuμ)︸ ︷︷ ︸

� I
μν

+ 1

2T 2
(uν∂μT − uμ∂νT )︸ ︷︷ ︸

� II
μν

. (7)

Using the flow velocity defined by Eq. (3), we can get the
expressions for all the independent components of � I

μν as re-
ported in Ref. [36]. To calculate the temperature gradient term
� II

μν we use the hydrodynamic equations. Since we consider
the top RHIC energies, we neglect the effects of baryon num-
ber density. We also expect that the effects of viscous terms
are relatively small and consider perfect fluid equations of
motion. In this case, we can use the equations discussed in
Appendix of our previous paper [36],

∂αT = T
(
Duα − c2

s uα∂μuμ
)
, (8)

where cs is the speed of sound taken to be cs = 1/
√

3. Using
Eqs. (3) and (8) we can easily obtain the expressions for
different components of the temperature gradient term � II

μν .
We note that, they are the same as those obtained from � I

μν .
The thermal shear tensor is defined by the formula

ξμν = 1
2 (∂μβν + ∂νβμ), (9)

which can further be written as a sum of two terms

ξμν = 1

2T
(∂μuν + ∂νuμ)︸ ︷︷ ︸

ξ I
μν

− 1

2T 2
(uν∂μT + uμ∂νT )︸ ︷︷ ︸

ξ II
μν

. (10)

With the help of the flow velocity field defined by Eq. (3),
we can get the following expressions for all the independent
components of ξ I

μν , namely,

ξ I
01 = a

tx

2
(1 + δ + √

1 + δ),

ξ I
02 = a

ty

2
(1 − δ + √

1 − δ),

ξ I
03 = a tz, ξ I

12 = −a
xy

√
1 − δ2

2
(
√

1 + δ + √
1 − δ),

ξ I
23 = −a

yz

2
(1 − δ + √

1 − δ),

ξ I
13 = −a

xz

2
(1 + δ + √

1 + δ),

ξ I
00 = −a[(1 + δ)x2 + (1 − δ)y2 + z2],

ξ I
11 = a

√
1 + δ[t2 + (1 − δ)y2 + z2],

ξ I
22 = a

√
1 − δ[−t2 + (1 + δ)x2 + z2],

ξ I
33 = a[(1 + δ)x2 + (1 − δ)y2 − t2], (11)

with a = 1/(T N3). Similarly to the thermal vorticity case, we
obtain the expressions for different components of the temper-
ature gradient term ξ II

μν (see Appendix). All the components of
the thermal vorticity and thermal shear can be now calculated
if we know five parameters: T = Tf (freeze-out temperature),
rmax, τ f , ε, and δ. Values of these parameters can be taken
from Refs. [39,40], see Table I.

IV. SPIN POLARIZATION OF PARTICLES AT
FREEZE-OUT

A. Pauli-Lubański vector

The spin polarization of particles with the four-momentum
p is characterized by the Pauli-Lubański (PL) vector 〈π�

μ(p)〉
calculated in their local rest frame where pμ = pμ� =
(m, 0, 0, 0). The average PL vector 〈πμ(p)〉 of particles with
momentum p is then given by the following ratio [41]:

〈πμ〉 =
Ep

d�μ(p)
d3 p

Ep
dN (p)

d3 p

. (12)

Here Ep
d�μ(p)

d3 p is the total value of the PL vector of particles

with momentum p, while Ep
dN (p)

d3 p is the invariant momentum
density of all particles. The expressions for these two quanti-
ties are given below:

Ep
d�μ(p)

d3 p
= −cosh (ξ )

(2π )3m

∫
e−β·p �� · p ω̃μβ pβ, (13)

Ep
dN (p)

d3 p
= 4 cosh (ξ )

(2π )3

∫
e−β·p �� · p. (14)

Here ��λ is an element of the freeze-out hypersurface.
We note that we use here the classical Boltzmann statistics
for �s.

To carry out the integration over the freeze-out hypersur-
face, we assume that the freeze-out takes place at a constant
value of the proper time, i.e., at τ = τ f . In this case, the three-
dimensional element of the freeze-out hypersurface, ��λ, is
given by the expression

��λ = nλ dxdy dη, (15)
where

nλ =
(√

τ 2
f + x2 + y2 cosh η, x, y,

√
τ 2

f + x2 + y2 sinh η
)
,

(16)

with η = 1
2 ln[(t + z)/(t − z)] being the space-time rapidity.

One can notice that nλnλ = τ 2
f .
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(a) (b)

(c) (d)

FIG. 1. The longitudinal component of the mean spin-polarization three-vector of � hyperon as a function of its transverse momentum for
the centrality class c = 0%–15% and for different contributions defined in Sec. III. (a) the spin polarization given by total thermal vorticity
� I + � II , (b) the contribution from total thermal shear ξ I + ξ II , (c) the spin polarization given by all the terms in thermal vorticity and
thermal shear, and (d) the contribution from the first terms of thermal vorticity and thermal shear tensor � I + ξ I (without temperature gradients
contribution).

We also use the parametrization of the particle four-
momentum pλ in terms of the transverse momentum pT =
(p2

x + p2
y )1/2 and rapidity yp,

pλ = (Ep, px, py, pz ) = (mT cosh yp, px, py, mT sinh yp),

(17)

where mT = (m2 + p2
T )1/2 is the transverse mass and m is

the particle mass. For �’s we use the value m = m� =
1.116 GeV. Using Eqs. (15) and (17) on the freeze-out surface,
the scalar products �� · p and β · p can be easily determined
and the integration in Eq. (14) can be performed numerically.

To carry out the integration in Eq. (13), we assume that
spin-polarization tensor ω is expressed by the thermal vortic-
ity and thermal shear. In this case, the contraction of the dual
spin-polarization tensor with the momentum four-vector can
be written as

ω̃μβ pβ = 1

2
εμβρσ pβ

(
�ρσ + 2t̂ρ pλ

Ep
ξλσ

)
, (18)

where t̂ρ = (1, 0, 0, 0) [24,26]. Since we already know the
components of �μν and ξμν , we can easily determine the
quantity ω̃μβ pβ and finally carry out the integrations in
Eq. (13). In the next step we determine 〈πμ(p)〉 defined by
Eq. (12). As the experimental measurements are done in the
central rapidity region, we consider the case of yp = 0 only.
Furthermore, since we focus on the longitudinal spin polar-
ization, we do not have to boost the four-vector 〈πμ(p)〉 to
the particle rest frame, because 〈πz(p)〉 is invariant under
transverse boosts.

B. Experimental observables describing spin polarization

Equation (12) can be used to calculate the contour plot of
the longitudinal spin polarization in the transverse momentum
plane (px, py) at midrapidity, i.e., for yp = 0. However, it is
also instructive to calculate the angular dependence of the
longitudinal polarization for a fixed magnitude of the trans-
verse momentum or to extract the angular dependence of the
transverse momentum integrated longitudinal polarization.
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TABLE II. Azimuthal harmonics due to various terms using the model parameters valid for different classes of collision centralities
at

√
sNN = 130 GeV as shown in Table I. Temperature gradient contribution has been obtained using ideal equation of state (c2

s = 1/3).
Integration of transverse momentum is carried out in the range pT = 0 − 3 GeV.

c % 〈P2〉� I 〈P2〉� I +� II 〈P2〉ξ I 〈P2〉ξ II 〈P2〉ξ I +ξ II 〈P2〉� I +ξ I 〈P2〉� I +� II +ξ I +ξ II

0–15 −0.000026 −0.000052 0.000035 0.000017 0.000052 8.8×10−6 −2.7×10−7

15–30 −0.000069 −0.000138 0.000076 0.000065 0.000136 7.2×10−6 −3.5×10−6

30–60 −0.000146 −0.000292 0.000156 0.000147 0.000275 9.8×10−6 −0.0000172

To mimic the experimental procedure [16], we need to
weigh the spin polarization by the number of emitted particles
first. Therefore, we multiply 〈πz(p)〉 defined by Eq. (12) by
the number of particles emitted into a particular phase-space
region. Then, we can consider three convenient measures
of the transverse-momentum dependence of the longitudinal
polarization.

First, we consider the momentum integrated n = 2 az-
imuthal harmonic of the longitudinal spin polarization
at yp = 0,

〈P2〉 =
1

2π

∫
pT d pT dφp sin (2φp)〈πz(p)〉Ep

dN (p)
d3 p∫

pT d pT dφpEp
dN (p)

d3 p

. (19)

We note that Ep
dN (p)

d3 p = dN (p)
dypd2 pT

evaluated at yp = 0 counts
the number of particles emitted per unit rapidity and cancels
exactly the denominator in Eq. (12). Therefore, Eq. (19) sim-
plifies to

〈P2〉 =
1

2π

∫
dφp pT d pT sin (2φp)Ep

d�z (p)
d3 p∫

dφp pT d pT Ep
dN (p)

d3 p

(20)

with Ep
d�z (p)

d3 p and Ep
dN (p)

d3 p given by Eqs. (13) and (14),
respectively. The second measure is useful if we want to
calculate the angle dependence of the polarization averaged
over some range of pT . In this case we omit the azimuthal
integration in the numerator in (20), but keep it in the
normalization

〈P(φp)〉 ≡
∫

pT d pT Ep
d�z (p)

d3 p∫
dφp pT d pT Ep

dN (p)
d3 p

. (21)

Finally, we can also look at the polarization anisotropy treated
as a function of pT . In this case, we perform azimuthal in-

tegrals in both the numerator and denominator, keeping the
transverse momentum fixed, namely,

〈P(pT )〉 =
1

2π

∫
dφp sin (2φp)Ep

d�z (p)
d3 p∫

dφpEp
dN (p)

d3 p

. (22)

V. RESULTS AND DISCUSSIONS

In this section, we present our numerical results describing
the transverse-momentum dependence of the longitudinal spin
polarization of the � hyperons. To obtain numerical results we
consider the expressions for total �μν and ξμν in the linear or-
der in δ. For each centrality class, we present two-dimensional
plots showing the spin-polarization dependence on px and
py, give the second azimuthal harmonic of the longitudinal
spin polarization 〈P2〉, show the azimuthal angle (φp) depen-
dence of the longitudinal spin polarization 〈P(φp)〉 and the
transverse momentum dependence of the second azimuthal
harmonic of longitudinal spin polarization 〈P(pT )〉.

We use the single freeze-out model parameters as given in
Table I. The values of the parameters were previously used
to describe the PHENIX data at the beam energy

√
sNN =

130 GeV [39], for the three different centrality classes: c =
0%–15%, c = 15%–30%, and c = 30%–60%, at freeze-out
temperature Tf = 0.165 GeV. First, we take the mass m
of the particle to be equal to the �-hyperon mass (m� =
1.116 GeV). We do the pT integral in the range from 0 to 3
GeV and we checked that using the experimental momentum
range 0.5–6 GeV does not change the results significantly.

Figure 1 shows the two-dimensional plot of the spin-
polarization dependence on px and py for the centrality class
c = 0%–15%. From Figs. 1(a) and 1(b) we see that ther-
mal vorticity and thermal shear lead to opposite quadrupole

(a) (b)

FIG. 2. (a) Azimuthal angle dependence of pT -integrated (range pT = 0–3 GeV) longitudinal spin polarization (21) for the centrality
class c = 0%–15%. Lines correspond to different combinations of thermal vorticity and thermal shear tensor components defined in Sec. III.
(b) Transverse-momentum dependence of n = 2 harmonic of longitudinal spin polarization (22).
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FIG. 3. Same as Fig. 1 but for the centrality class c = 15%–30%.

structure of the longitudinal � hyperon spin polarization.
When both terms are added, as is done in Fig. 1(c), the
quadrupole structure of the total polarization changes sign
as a function of pT . At larger momentum, we recover the
polarization structure seen in the experiment. In Fig. 1(d) we
also show the results of neglecting temperature gradients as
was done in Ref. [24].

To quantitatively characterize the quadrupole structure of
the longitudinal spin polarization, in Table II we present the
second azimuthal harmonic 〈P2〉 determined for three different

centrality classes. We observe that the total thermal vorticity
and thermal shear contributions to the n = 2 harmonic of
the longitudinal spin polarization are close in magnitude but
have opposite signs. The sum of the two gives a very small
negative polarization value. Neglecting temperature gradients
does change the sign of the net polarization, but the value
remains an order of magnitude smaller than individual thermal
vorticity or thermal shear contributions.

In Fig. 2(a) we show the azimuthal-angle dependence of
the pT -integrated longitudinal spin polarization (21). The

FIG. 4. Same as Fig. 2 but for the centrality class c = 15%–30%.
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FIG. 5. Same as Fig. 1 but for the centrality class c = 30%–60%.

black dashed and green dotted lines show thermal vorticity
and thermal shear contributions, respectively. The red and
purple dot-dashed curves show the result of the net polariza-
tion with and without temperature gradients. With temperature
gradients included, the net results are practically zero while
dropping them gives the polarization dependence of the same
sign as that of the thermal shear contribution.

In Fig. 2(b) we show the n = 2 azimuthal harmonic of
the longitudinal spin polarization treated as a function of
transverse momentum. This clearly illustrates that thermal
vorticity and thermal shear dominate in different momentum
ranges. At low momenta, the thermal vorticity contribution is
larger, but for pT > 1 GeV the thermal shear contribution is
dominant. Since the total polarization is found by weighting

FIG. 6. Same as Fig. 2 but for the centrality class c = 30%–60%. (a) For comparison we show the dependence of longitudinal spin
polarization of � and �̄ on azimuthal angle relative to second-order event plane for the centrality class c = 20%–60% plotted using the STAR
data at

√
sNN = 200 GeV [16].
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FIG. 7. Azimuthal angle dependence of pT -integrated (range
pT = 0 − 3 GeV) total longitudinal spin polarization (contribution
from all the terms in thermal vorticity and thermal shear) for the
centrality class c = 30%–60%, mass of the particle is taken to be
the s-quark mass (ms = 0.486 GeV).

the differential distribution with particle spectra, the nega-
tive low-momentum polarization nearly exactly cancels the
high-momentum positive polarization. By dropping the tem-
perature gradient terms, one shifts the balance in favor of a
positive azimuthal harmonic.

We have repeated calculations for c = 15%–30% and c =
30%–60% centrality bins in Figs. 3–6. The overall trends
are very similar across all centralities. To make a qualitative
comparison with experimental data in Fig. 6 we show the
longitudinal spin polarization of � and �̄ for the central-
ity class c = 20%–60% measured by STAR experiment at√

sNN = 200 GeV [16]. We see that the thermal shear compo-
nent alone has the right sign, but a somewhat larger magnitude
of polarization modulation than experimental data. However,
when taken together with thermal vorticity contribution (with
or without temperature gradients), the net results are too small
to explain the observations.

We have also considered different freeze-out temperatures,
Tf = 160 MeV and Tf = 170 MeV, and found that our results
are insensitive to such small variations of Tf . This behavior is
different from that observed in Ref. [24] where a larger effect
is seen. We note that Ref. [24] uses a full hydrodynamic simu-
lation where a variation of the freeze-out temperature involves
a change of hydrodynamic expansion, hence, a larger variation

of the freeze-out geometry. In our case, however, the use of a
simple parametrization does not allow us for connecting the
changes of the freeze-out temperature with the changes of the
freeze-out geometric parameters. To complete our analysis,
we have followed the idea presented in Ref. [25] and replaced
the mass of the Lambda hyperon (m� = 1.116 GeV) by the
strange quark mass (ms = 0.486 GeV). In this case, consis-
tently with Ref. [25], we are able to reproduce the data, see
Fig. 7.

In summary, we presented the study of recently introduced
thermal shear contributions to longitudinal spin polarization
of � hyperons in a single freeze-out thermal model. From
analysis (if we take mass equal to �–hyperon mass) we
confirm that the longitudinal polarization due to the thermal
shear tensor alone has the same sign and almost similar mag-
nitude to the one observed in STAR experiment. However,
contributions of thermal vorticity and thermal shear are of
opposite sign and nearly identically cancel each other if added
together. We followed the prescription advocated in Ref. [24]
and computed longitudinal polarization neglecting tempera-
ture gradients. Although we seem to get the same polarization
sign as in the experimental data, the net predicted polarization
is significantly below the data. We conclude that both thermal
vorticity and thermal shear tensors make equally important
contributions to longitudinal spin polarization and the net
result depends sensitively to the procedure of how these two
terms are combined. Surprisingly, upon changing the mass of
�-hyperons to strange quark mass we found that our results
are in agreement with the experimental data.
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APPENDIX: EXPRESSION FOR DIFFERENT COMPONENTS OF ξII
μν

Here we list temperature gradients contribution to various components of thermal shear tensor.

ξ II
01 = − tx

2T N5
{−(1 + δ − √

1 + δ)[t2 − z2 + (1 + δ)x2] − (1 − δ)(1 + δ + 2
√

1 + δ)y2

+ 2c2
s {−(1 + δ − √

1 + δ)[t2 − z2 + (1 + δ)x2] + (1 − δ)(1 + δ + √
1 + δ − 2

√
1 − δ2)y2}}, (A1)

ξ II
02 = − ty

2T N5
{−(1 − δ − √

1 − δ)[t2 − z2 + (1 − δ)y2] + (1 + δ)(−2
√

1 − δ2 − δ + √
1 − δ + 1)x2

+ 2c2
s [(

√
1 − δ2 − δ + √

1 − δ + 1)(t2 − z2) − (−δ + 2
√

1 − δ + 1)(δ + 1)x2 − (1 − δ)3/2(
√

δ + 1 + 2)y2]}, (A2)

ξ II
03 = − tz

2T N5
{2(

√
1 − δ − 1)(δ − 1)y2 − 2(δ + 1)(

√
δ + 1 − 1)x2

+ 2c2
s [(

√
1 − δ + √

δ + 1 + 1)(t2 − z2) + (δ − 1)(
√

δ + 1 + 2)y2 − (
√

1 − δ + 2)(δ + 1)x2]}, (A3)

ξ II
12 = − xy

2T N5
{[−2

√
1 − δ2 + δ(

√
1 − δ − √

δ + 1) + √
1 − δ + √

δ + 1](t2 − z2)

+ (δ + 1)3/2(
√

1 − δ2 + δ − 1)x2 + (1 − δ)3/2(
√

1 − δ2 − δ − 1)y2

064901-8



EFFECT OF THERMAL SHEAR ON LONGITUDINAL SPIN … PHYSICAL REVIEW C 105, 064901 (2022)

+ 2c2
s {[

√
1 − δ2 + δ(

√
1 − δ − √

δ + 1) + √
1 − δ + √

δ + 1](z2 − t2)

+ (−δ + 2
√

1 − δ + 1)(δ + 1)3/2x2 + (1 − δ)3/2(δ + 2
√

δ + 1 + 1)y2}}, (A4)

ξ II
13 = − xz

2T N5
{(−δ + √

δ + 1 − 1)[−(t2 − z2)] + (δ − 1)(−2
√

1 − δ2 + δ + √
δ + 1 + 1)y2 − (δ + 1)(−δ + √

δ + 1 − 1)x2

+ 2c2
s [(

√
1 − δ2 + δ + √

δ + 1 + 1)[−(t2 − z2)] + (
√

1 − δ + 2)(δ + 1)3/2x2 − (δ − 1)(δ + 2
√

δ + 1 + 1)y2]}, (A5)

ξ II
23 = 1

2T N5
{(δ + √

1 − δ − 1)[−(t2 − z2)] + (δ + 1)(2
√

1 − δ2 + δ − √
1 − δ − 1)x2 + (δ − 1)(δ + √

1 − δ − 1)y2

+ 2c2
s [(

√
1 − δ2 − δ + √

1 − δ + 1)[−(t2 − z2)] + (−δ + 2
√

1 − δ + 1)(δ + 1)x2 + (1 − δ)3/2(
√

δ + 1 + 2)y2]}, (A6)

ξ II
00 = − t2

2T N5
{2(δ + 1)(

√
δ + 1 − 1)x2 − 2(

√
1 − δ − 1)(δ − 1)y2

+ 2c2
s {(

√
1 − δ + √

δ + 1 + 1)[−(t2 − z2)] + (
√

1 − δ + 2)(δ + 1)x2 − (δ − 1)(
√

δ + 1 + 2)y2}}, (A7)

ξ II
11 = − x2

2T N5
{2(δ + 1)(

√
δ + 1 − 1)(t2 − z2) + 2(δ − 1)

√
δ + 1(−

√
1 − δ2 + δ + 1)y2

+ 2c2
s {(δ + 1)(

√
1 − δ + √

δ + 1 + 1)[−(t2 − z2)] + (
√

1 − δ + 2)(δ + 1)2x2 − (δ2 − 1)(
√

δ + 1 + 2)y2}}, (A8)

ξ II
22 = − y2

T N5

√
1 − δ{(δ + √

1 − δ − 1)(z2 − t2)

−(δ + 1)(
√

1 − δ2 + δ − 1)x2 + √
1 − δc2

s [(
√

1 − δ + 1)z2 − 2(δ − 1)y2 + √
δ + 1y2

+√
δ + 1z2 − δ

√
δ + 1y2 + (

√
1 − δ + 2)(δ + 1)x2 − (

√
1 − δ + √

δ + 1 + 1)t2]}, (A9)

ξ II
33 = − z2

T N5
{(√1 − δ − 1)(δ − 1)y2 + (δ + 1)(

√
δ + 1 − 1)x2

+ c2
s [(

√
1 − δ + 1)z2 − 2(δ − 1)y2 + √

δ + 1y2 + √
δ + 1z2 − δ

√
δ + 1y2

+ (
√

1 − δ + 2)(δ + 1)x2 − (
√

1 − δ + √
δ + 1 + 1)t2]}. (A10)
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