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The concept of a common local spin equilibrium for both spin-1/2 and
spin-1 particles is incorporated into a thermal model of particle production
in heavy-ion collisions at the top RHIC energies. We show that an effective
spin polarization tensor leading to a correct description of the longitudinal
spin polarization of Λ hyperons simultaneously yields a positive alignment
of vector mesons (ϕ and K∗0) that grows monotonically with transverse
momentum and centrality. Similar trends can be seen in the data, suggest-
ing a possible common mechanism for longitudinal spin polarization and
alignment. However, model calculations are insufficient to explain the data
in a fully quantitative way. The correlation found between the magnitude
of the Λ longitudinal polarization and vector meson alignment suggests
further more elaborate investigations of this issue.
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1. Introduction

The experimental investigations of spin polarization effects in relativis-
tic heavy-ion collisions offer new possibilities for studying the properties of
strongly interacting matter. These studies focus mainly on measurements of
hyperon spin polarization [1–9] and vector meson spin alignment [10–12]; for
recent reviews, see [13–15] and for various related theoretical developments,
see [16–61].
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For some time, the main difficulty in describing the Λ polarization data
was to reproduce the experimental results for the longitudinal component of
the polarization vector (i.e., the component along the beam direction) [62].
The proposed solutions to this problem include now adding the effects due
to thermal shear [63–66] and/or a variation of the mass of the spin-polarized
particle [64]. Yet another solution is to use the spin polarization tensor
obtained from spin hydrodynamics [67, 68]. On the other hand, many theo-
retical frameworks yield a negative spin alignment of vector mesons [17, 19,
26, 40, 55], which is incompatible with the data, with the exception of the
model presented in [26, 60, 69].

In this work, we use a recently proposed uniform description for the local
equilibrium of spin-1/2 and spin-1 particles [70] to simultaneously address
the two problems outlined above. To make our study as simple as possible,
we use the framework of the thermal model used before to analyze the Λ po-
larization at the top RHIC energies [71–74]. Since we consider high energies,
the model is boost-invariant, however, it incorporates an anisotropic form of
the transverse-flow responsible for the non-zero elliptic flow.

The conclusion of [74] is that the longitudinal spin polarization can be
described by using a thermal vorticity, ϖµν = −1

2 (∂µβν − ∂νβµ) (where βµ is
the ratio of fluid four-velocity uµ to temperature T ) with neglected “electric”-
like components. As found in our previous work [72], this procedure is
consistent with a non-relativistic treatment where the polarization is solely
determined by the spatial components of the rotation ∂ivj–∂jvi [75]. In
this work, we additionally introduce a scale parameter λ that multiplies the
thermal vorticity, and is used to check the sensitivity of our results to the
magnitude of the longitudinal polarization of Λ hyperons.

With the form of the spin polarization tensor defined as the thermal
vorticity (calculated directly in the thermal model) with neglected “electric”-
like part and rescaled by a factor λ, we calculate the parameter ρ00 of the
spin density matrix of vector mesons as a function of transverse momentum
and centrality. We also present the results for the pT-integrated values and
their dependence on the direction of the quantization axis.

Our results establish a quantitative connection between the spin observ-
ables of the spin-1/2 and spin-1 hadrons that are in a common local spin
equilibrium. We demonstrate that a non-trivial spin alignment arises in
such a state without requiring the inclusion of dissipative phenomena —
as the spin alignment is usually attributed to the spin fluctuations, it may
appear also in the state of local equilibrium where only the mean values are
controlled by the Lagrange multipliers.

The positivity and growth of the alignment with transverse momentum
and centrality found in our model agree with general trends observed in
the data; however, a satisfactory quantitative description of the data is not
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reproduced. This suggests that more realistic calculations of the spin polar-
ization tensor should be used in the near future to analyze the data. This
is also indicated by the dependence of our results on the parameter λ —
its growth from 1 to 3 improves the description of both the longitudinal
polarization and alignment. This may be a signal for a deeper connection
between these two effects that is worth pursuing.

The paper is organized as follows. In Section 2, we briefly review the
thermal model with anisotropic transverse flow and introduce the projected
thermal vorticity together with the scale parameter λ. Section 3 presents
the theoretical framework for the spin alignment of vector mesons. Our nu-
merical results for the pT-integrated alignment, its transverse momentum,
centrality, and quantization-axis dependence are discussed in Section 4. Fi-
nally, Section 5 contains a summary and outlook.

Notation and conventions: For the Levi-Civita tensor ϵµναβ , we follow
the convention ϵ0123 = −ϵ0123 = +1. The metric tensor is of the form gµν =
diag(+1,−1,−1,−1). We use boldface symbols to denote three vectors, and
their scalar products are written as a ·b. The particles are always considered
on the mass shell with the energy Ep =

√
m2 + p2. Throughout the text,

we make use of natural units, ℏ = c = kB = 1.

2. Thermal model

We employ a thermal model based on the assumption of simultaneous ki-
netic and chemical freeze-out [76, 77]. In this single freeze-out approach, all
hadrons decouple from the medium at the same proper time τf and temper-
ature Tf . Despite its simplicity, this model has been remarkably successful
in reproducing transverse-momentum spectra and elliptic flow coefficients
across a range of centralities in heavy-ion collisions [71, 78].

In its standard formulation, the model is characterized by four parame-
ters: the freeze-out temperature Tf , the baryon chemical potential µB, the
proper time τf , and the maximum transverse size of the fireball rmax. The
temperature and the chemical potential are fixed by measuring hadronic
yield ratios, while the system size and proper time are extracted from the
fits to the transverse-momentum spectra. At the ultrarelativistic energies
that we are considering here, the net baryon at midrapidity is negligible and
we set µB = 0.

Since the spin alignment is interconnected to longitudinal spin polar-
ization, which in turn is connected to the anisotropy of collective flow, we
make use of an extended version of the thermal model that includes az-
imuthal asymmetry in the transverse hydrodynamic flow. The four-velocity
field is parameterized as
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uµ =
1

N

(
t, x

√
1 + δ , y

√
1− δ , z

)
, (1)

where the parameter N is determined from the normalization condition
uµuµ = 1

N =
√
τ2f − (x2 − y2) δ , (2)

and τf is the proper time at freeze-out

τ2f = t2 −
(
x2 + y2 + z2

)
. (3)

The parameter δ controls the anisotropy of the transverse flow (the ellip-
tic flow). Together with δ, the parameter ϵ is introduced that determines the
asymmetry in the transverse space. Both δ and ϵ were previously fitted to
the PHENIX data at

√
sNN = 130 GeV for three centrality classes: 0–15%,

15–30%, and 30–60%, with the freeze-out temperature Tf = 0.165 GeV [71,
78]1.

In our case, we also introduce additional assumptions related to the
spin physics: first, we use projected thermal vorticity (the thermal vorticity
tensor with all “electric”-like components neglected, i.e., we set ϖ0i = 0),
second, we rescale the thermal vorticity by a factor λ, which controls the
magnitude of the longitudinal polarization. We have found that the values
λ = 1 and λ = 3 describe the longitudinal polarization of Λ hyperons with
χ2 (per one degree of freedom) below 2, see Fig. 1.
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Fig. 1. Longitudinal spin polarization of Λ hyperons compared to the experimental
data [3]. The blue solid (red dashed) line shows the model result with projected
thermal vorticity and λ = 1 (λ = 3).

1 The parameters of the thermal model were fixed for the beam energy
√
sNN =

130 GeV, while the polarization data analyzed here refer to
√
sNN = 200 GeV. We

neglect small differences in the thermal parameters for these two energies.
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We note that the thermal model [71, 78] was not only used by us in pre-
vious studies of longitudinal polarization but also used in alignment analy-
ses [54, 57], however, in different contexts (influence of second-order hydro-
dynamic gradients [54] and spin-vorticity non-equilibrium effects [57]).

3. Theoretical framework for spin alignment

The spin density matrix for spin-1 particles in the adjoint representation
reads [70]

ρSrs∗ =
1

3

(
δrs −

3i

2
P k
∗ ϵkrs −

√
6Trs∗

)
, (4)

where P k
∗ is the spin polarization vector and Trs∗ are the tensor polariz-

abilities, both defined in the particle rest frame (PRF) denoted by asterisk.
Here, the spin densities r, s range from 1 to 3. In local equilibrium, the spin
density matrix takes the form

ρSeq =
exp[α · S]
2 coshα+ 1

, (5)

where α = −b∗, with b∗ being the magnetic-like component of the spin
polarization tensor ωµν in PRF [23]

b∗ =
1

m

(
Ep b− p× e− p · b

Ep +m
p

)
. (6)

The use of projected thermal vorticity means that we use the condition e=0.
The vector S represents three spin matrices in the adjoint representation,
(Sj)kℓ = −iϵjkℓ. The components of b read

b1 =
λyz

TN3

(√
1− δ − 1 + δ

)
, (7)

b2 =
λxz

TN3

(
1 + δ −

√
1 + δ

)
, (8)

b3 = −λxy
√
1− δ2

TN3

(√
1 + δ −

√
1− δ

)
. (9)

The alignment A measured experimentally is defined by the central el-
ement ρ00 of the spin density matrix in the representation where the spin
matrix Jy is diagonal [11]. Including the effect of a unitary transformation
from this representation to the adjoint representation, we find [70]

A ≡ ρ00 −
1

3
= −

√
2

3
T ∗
22 = −

(
3α̂2

2 − 1
)
(coshα− 1)

3(2 coshα+ 1)
, (10)
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where α̂2 = α2/|α| is the y-component of the unit vector along α. More gen-
erally, if the alignment measurement uses the ith axis for spin quantization,
then the definition of the alignment is

Ai = −
(
3α̂2

i − 1
)
(coshα− 1)

3(2 coshα+ 1)
. (11)

We note that Ais satisfy the condition A1 + A2 + A3 = 0 (which reflects
the condition for having a traceless tensor T ∗

rs). We also observe that for an
isotropic spin system, we have α̂2

i = 1/3 (i = 1, 2, 3) that yields a vanishing
alignment.

The momentum-dependent alignment is obtained by averaging over the
freeze-out hypersurface Σµ

A(p) =

∫
dΣµ p

µZ f0(x, p)A(x, p)∫
dΣµ p

µZ f0(x, p)

, (12)

where f0 = exp[−p · u/Tf ] is the Boltzmann distribution of particles (in our
case, the ϕ and K∗0 mesons), and Z = 2 coshα+1, which is the normaliza-
tion of spin density matrix.

4. Results

In this section, we present our numerical results for the parameter ρ00
of ϕ and K∗0 mesons2. The model parameters used in the calculations are
listed in Table 1. The masses of the mesons are: mϕ = 1.019 GeV and
mK∗0 = 0.892 GeV.

Table 1. Thermal model parameters used to describe the PHENIX data at
√
sNN =

130 GeV, see Refs. [71, 78].

Centrality [%] ϵ δ τf [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

2 To compare our results directly with the data, we show our results for ρ00 rather than
for A.
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4.1. Transverse-momentum integrated alignment

We begin by examining the pT-integrated values of ρ00 for the ϕ and
K∗0 mesons. The integration ranges follow the STAR coverage: 1.2 ≤ pT ≤
5.4 GeV for ϕ mesons and 1.0 ≤ pT ≤ 5.0 GeV for K∗0 mesons [11]. Figure 2
displays the pT-integrated ρ00 as a function of meson mass for 30–60% cen-
trality class. Both ϕ and K∗0 mesons exhibit ρ00 > 1/3, indicating a positive
spin alignment. The deviation from 1/3 is larger for the heavier ϕ meson
compared to the lighter K∗0, showing a mass ordering of the alignment. In-
creasing λ from 1 to 3 enhances the alignment but does not fully bridge the
gap between the model predictions and the data.

0.896 1.019
Mass [GeV]

0.336

0.344

0.352

00

Au+Au, sNN  = 200 GeV
   STAR 2023 (stat.  syst.)

K*  STAR 2023 (stat.  syst.)
 = 1
 = 3

0.9 1.0

0.3334

0.3337

Fig. 2. Transverse-momentum integrated ρ00 for ϕ and K∗0 mesons as a function
of mass. Experimental data from STAR [11].

4.2. Transverse-momentum dependence

Figures 3 and 4 show the pT-differential ρ00 for ϕ and K∗0 mesons, re-
spectively, compared with the STAR data [11]. The corresponding numerical
values are tabulated in Tables 2 and 3. For both species of mesons, the model
predicts a monotonically increasing ρ00 with pT. The λ = 3 case produces
deviations at the level of 10−3 (for the largest values of momenta).

4.3. Centrality dependence

Figures 5 and 6 present the centrality dependence of ρ00 for ϕ and K∗0

mesons, respectively. The corresponding numerical values are collected in
Table 4. The model predicts an increase of ρ00 from central to peripheral
collisions, however, the centrality dependence observed in the experiment is
much stronger.
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Fig. 3. Transverse-momentum dependence of ρ00 for ϕ mesons. The solid blue and
dashed red lines show our results for λ = 1 and 3, respectively. Experimental data
from STAR [11].
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Fig. 4. The same as Fig. 3 but for K∗0 mesons.

Table 2. Theoretical values of ρ00 for ϕ mesons with λ = 1 and λ = 3 compared to
STAR measurements [11] with respect to the second-order event plane.

pT ρth
00 ρ00

[GeV] λ = 1 λ = 3

1.4339 0.333361 0.333581 0.3384
2.0306 0.333396 0.333897 0.3329
2.6304 0.333451 0.334388 0.3264
3.3535 0.333543 0.335199 0.3251
4.5640 0.333747 0.336982 0.3300
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Table 3. The same as Table 2 but for K∗0 mesons.

pT ρth
00 ρ00

[GeV] λ = 1 λ = 3

1.25 0.333356 0.333538 0.320
1.75 0.333386 0.333804 0.329
2.25 0.333433 0.334222 0.351
2.75 0.333498 0.334797 0.345
3.50 0.333626 0.335928 0.345
4.50 0.333845 0.337830 0.381
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Centrality (%)

0.300
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Fig. 5. Centrality dependence of ρ00 for ϕ mesons. The solid blue and dashed red
lines show model results for λ = 1 and 3, respectively. Experimental data are from
STAR [11].
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Fig. 6. The same as Fig. 5 but for K∗0 mesons.



8-A1.10 S. Banerjee et al.

Table 4. Centrality dependence of theoretical ρ00 for ϕ and K∗0 mesons with λ = 1

and λ = 3 in Au+Au collisions at
√
sNN = 200 GeV.

Centrality Meson ρth
00

[%] λ = 1 λ = 3

0–15 ϕ 0.333335 0.333350
15–30 ϕ 0.333345 0.333438
30–60 ϕ 0.333380 0.333755
0–15 K∗0 0.333335 0.333347

15–30 K∗0 0.333344 0.333430
30–60 K∗0 0.333376 0.333714

4.4. Quantization-axis dependence

We have also calculated the alignment assuming spin quantization along
the x-axis. In this case, one has to calculate the alignment A1, see Eq. (11).
Our calculations of A1 give again positive alignment, which does not agree
with the experimental result that shows that A1 is negative.

5. Summary

We have performed the analysis of spin alignment of ϕ and K∗0 vector
mesons within a thermal model for heavy-ion collisions at the top RHIC
energies. A common spin local equilibrium was assumed for Λ hyperons and
vector mesons. Our main findings can be summarized as follows:

1. The model predicts, in contrast to many other physical analyzes [17,
19, 26, 40, 55], a positive alignment and monotonic increase of ρ00 with
transverse momentum and centrality.

2. The mass ordering is observed, with the heavier ϕ meson exhibiting
a slightly larger deviation of ρ00 from 1/3 compared to K∗0.

3. Quantitatively, the model with λ = 1 produces deviations ρ00−1/3 at
the 10−4 level, which are below the experimental values. Increasing λ
to 3 enhances the deviations to the 10−3 level (for the largest consid-
ered values of transverse momentum), improving the alignment, but
still cannot explain quantitatively the data.

The fact that changes in the scale parameter λ simultaneously affect the
magnitude of the longitudinal polarization of Λ and the spin alignment of
the vector mesons suggests that there is a correlation between these two
observables that deserves a more detailed study in the future.
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