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In 2017, STAR Collaboration reported the measurements of hyperon global polarization in heavy
ion collisions, suggesting the subatomic fireball fluid created in these collisions as the most vortical
fluid. The results show a strongly increasing trend of the signal with decreasing beam energy down to√
sNN = 7.7 GeV. There remains an interesting question: how the signal would change toward even

lower energy. In this work we perform a systematic study on the beam energy dependence of global
and local hyperon polarization phenomenon, especially in the interesting Ô(1 ∼ 10) GeV region.
We find a non-monotonic trend for the global polarization, which first increases and then decreases
when beam energy is lowered from 27 GeV down to 3 GeV. The maximum polarization signal has
been identified around

√
sNN = 7.7 GeV in this model while the averaged thermal vorticity appears

to reach a peak around 3 ∼ 4 GeV. The implications of these results are discussed.

INTRODUCTION

Where can one find the fastest spinning fluid? This is a
question of general interest. From a fluid dynamical point
of view, the most vortical fluid droplet needs to be large
enough to enable a hydrodynamic behavior while small
enough to rotate fast without violating the speed of light
constraint. In 2017, the STAR collaboration reported
the measurement of hyperon global polarization in heavy
ion collisions [1], suggesting the subatomic fireball fluid
created in these collisions as the most vortical fluid with
an average vorticity on the order of 1021∼22s−1. This
finding was further confirmed by detailed measurements
in [2–5]. The observed high vorticity is a consequence
of the large angular momentum carried by a small-size
system in heavy ion collisions. The angular momentum
turns into nontrivial fluid vorticity patterns that lead to a
global spin polarization of produced hadrons, which can
be experimentally measured [6–10]. Various model calcu-
lations show excellent agreement with STAR data, sup-
porting the interpretation of the measurements in terms
of rotational polarization induced by fluid vorticity [11–
25]. See recent reviews in e.g. [26–35].

One notable feature of the hyperon global polarization
measurement results is a strongly increasing trend from
high beam energy at

√
sNN = 200 GeV to low beam en-

ergy at
√
sNN = 7.7 GeV. It is tempting to ask whether

such a trend would continue further into the Ô(1) GeV
range and at which beam energy the truly most vortical
fluid will be located. To answer these questions, quantify-
ing the beam energy dependence of hyperon polarization
phenomenon is needed, especially in the most interest-
ing region of Ô(1 ∼ 10) GeV beam energy. We note a
number of recent studies on this problem in the literature
with a variety of approaches: see [36–43]. In the present

work, we carry out such a systematic beam energy scan of
hyperon polarization within a transport model approach.
As we will show in the rest of this paper, a non-monotonic
trend for the global polarization from 27 GeV down to
3 GeV is found. The maximum polarization signal is
located around

√
sNN = 7.7 GeV in this model while

the averaged thermal vorticity appears to reach a peak
around 3 ∼ 4 GeV. The implications of these results will
be discussed.

FORMALISM

Here we present the formalism for computing the Λ
hyperon spin polarization in this work. For the overall
bulk matter created in the collisions, we use the transport
model AMPT [44, 45]. This model is known to provide a
good description of the bulk collective dynamics such as
soft particles’ yields, transverse momentum spectra and
flow observables, for a wide beam energy span. Efforts
were also made recently for improving the model at very
low beam energy to account for e.g. finite nuclear thick-
ness [46, 47]. The AMPT model allows explicit track-
ing of every parton or hadron’s motion during the evo-
lution and of each final state hadron’s formation. This
enables a relatively straightforward procedure to extract
the system’s vorticity structure as well as to incorporate
the spin polarization effect upon the hadron formation.
The AMPT model was first adapted to compute vorticity
structures in [17] and later widely used for polarization
studies [18, 21, 22, 24, 48]. We use the same setup as in
[17, 45] with key parameters adjusted for the low energy
Au+Au collisions at RHIC. From AMPT simulations one
obtains the four velocity distribution uµ(x) as well as en-
ergy density distribution ε(x) over a “mesh” of space-time
x = (t, ~x) after averaging a sufficient number of events,
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which can then be further used to evaluate various quan-
tities of interest. We note in passing that there are other
approaches for computing the vorticity and polarization
in heavy ion collisions [9, 19, 22, 24, 36–43, 49–58], such
as hydrodynamic models, HIJING, URQMD, and chiral
kinetic transport. For reviews see e.g. [29, 30, 35].

The rotational polarization effect on particle spin in
a relativistic fluid can be determined from the thermal
vorticity $µν , which is defined as [11]:

$µν = −1

2
(∂µβν − ∂νβµ) (1)

where βµ = uµ/T with T = 1/β the local temper-
ature. A related quantity is the kinetic vorticity de-
fined by Ωµν = − 1

2 (∂µuν − ∂νuµ). Obviously $µν =
β {Ωµν − [(β∂µT )uν − (β∂νT )uµ]}. The thermal vortic-
ity differs from the Ωµν/T by terms containing gradients
of temperature, ∼ (β∂µT ) = [(∂µT )/T ]. While straight-
forward to evaluate in hydrodynamic models, such terms
are trickier to compute in transport models [18, 21, 22].
As a proxy, we use the energy density ε to evaluate such
terms via (∂µT )/T = (∂µε)/(4ε).

For the calculation of the hyperon polarization, one can
use the following ensemble-averaged spin 4-vector of the
produced Λ which is determined from the local thermal
vorticity at its formation point as [1, 11, 16, 21, 24]:

Sµ = − 1

8m
εµνρσpν$ρσ, (2)

where pν and m are the four-momentum and mass of each
produced hyperon, respectively. A number of remarks
are in order here. Firstly, the above formula is essentially
a thermal model formula for spin degree of freedom based
on local thermal equilibrium. Such a working hypothesis,
while well supported by experimental data and modeling
analysis at relatively high energy collisions, may require
more investigations to be fully vetted in the low energy
regime. Secondly, the Eq. (2) is an approximate form of
a more general formula (see e.g. [11, 16]) when the Boltz-
mann factor e[−(E−µ)/T ] is very small for the hyperons.
We’ve numerically verified this to be true for all collision
energies.

In the present work, we extend the transport model
calculations to the regime of very low beam energy, fo-
cusing on a systematic beam energy scan across

√
sNN =

(3 ∼ 10) GeV and examining the trend of global and lo-
cal polarization observables. Specifically at each beam
energy, we run AMPT simulations to collect the parton
motion information and hadron kinematic freeze-out in-
formation from each event. We then use the event av-
erage to map out a profile of energy density and fluid
velocity distributions, to be used for computing the ther-
mal vorticity in Eq. (1) at various spacetime points. Such
information is then further used to compute the spin po-
larization of each hyperon via Eq. (2). Finally the global
and local polarization signals are computed as the aver-
age of Sµ over all produced hyperons, in the same way

as previous studies [18, 21, 22, 48]. Our analysis here
helps provide directly relevant insights for the anticipated
STAR measurement results from the RHIC beam energy
scan program (BES-II). To ensure adequate statistics, we
have simulated 107 AMPT events at each beam energy
we study in this work.
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FIG. 1. Λ global polarization signal as a function of collision
beam energy with |yΛ| < 1.0 and 0.4 GeV < pT < 3.0 GeV,
for AuAu collisions at three different impact parameters b = 5
fm (red), 7 fm (green) and 8 fm (blue), with the bands repre-
senting statistical uncertainty from our simulation. Relevant
experimental measurements are also shown, with the STAR
data from Ref.[1] and the HADES data from Ref. [59].

RESULTS

The key finding of this work is shown in Fig. 1, where
the hyperon global polarization signal is computed as a
function of collision beam energy, for AuAu collisions at
three different impact parameters b = 5 fm (red), 7 fm
(green) and 8 fm (blue). Relevant experimental measure-
ments, where available, are also shown for comparison.
We have particularly focused on the region of

√
sNN =

(3 ∼ 10) GeV which has just begun to be experimen-
tally explored. The plot includes our calculations done
for
√
sNN = 3, 4, 5, 6, 7.7, 9, 10, 11.5, 14.5, 19.6, 27 GeV.

This detailed and systematic scan in beam energy has
allowed us to clearly identify the trend of the polariza-
tion signal. In particular, a non-monotonic is identified,
with the global polarization to first increase and then de-
crease when beam energy is lowered from 27 GeV down
to 3 GeV. In the present model calculations, a maximum
polarization signal is located around

√
sNN = 7.7 GeV

below which the global polarization starts to decrease.
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FIG. 2. (a) The averaged thermal vorticity of the mid-rapidity
(|η| ≤ 1.0) fireball at the fully overlapping time of two collid-
ing nuclei as a function of beam energy for AuAu collisions
with two different impact parameters b = 5 fm (red) and
8 fm (blue). (b) The average energy of produced Λ parti-
cle as a function of beam energy within kinematic window
|yΛ| ≤ 1.0, 0.4 GeV < pT < 3.0 GeV and impact parameter
5 fm < b < 8 fm.

Such a decrease toward 3 GeV is due to two important
factors in the spin polarization Eq. (2): (1) the ther-
mal vorticity itself which first strongly increases and then
starts to decrease past about 4 GeV; (2) the average
energy of produced hyperon particle which quickly de-
creases below 10 GeV. We’ve explicitly verified the beam
energy dependence of both factors from our simulations,
with the results shown in Fig. 2. While the averaged
thermal vorticity appears to reach a peak around 4 GeV,
the strong downward trend in the produced hyperon en-
ergy below about 10 GeV drives the polarization signal
to decrease already around 7 GeV. It is informative to
compare the results in this study with other models. The
URQMD study in [42], while not calculating polariza-
tion directly, shows a peak of the vorticity around 3GeV
collision energy. It may be emphasized that the vortic-
ity results from AMPT study are more or less consistent
with that from URQMD model. The calculations of 3FD
model in [43] show a peak of polarization at about 3GeV
with a signal level much larger than the AMPT result.
This may have to do with the “frictional interaction” be-
tween spectators and participants implemented in that
specific model which may help distribute more angular
momentum toward the central-rapidity fireball.

With the anticipated upcoming experimental data for
polarization signals in the 2 ∼ 5 GeV regime, it would
be interesting to test various model results with detailed
measurements. As nearly all model calculations are
based on fluid-vorticity-polarization scenario established
at higher energy collisions, an agreement between model
results and measurements could be an important confir-
mation of this scenario in the new regime of Ô(1)GeV
collisions. On the other hand, a discrepancy between
measured signal level and modeling results could imply
possible alternative mechanism of polarization generation
or breakdown of certain model assumptions. Specifically
concerning the AMPT model used in this work, hyperons

are generated from the partonic matter via coalescence
mechanism, which is certainly dominant at high collision
energy but may become less important in those extremely
low energy collisions where direct hadronic processes may
prevail. Indeed, there is a likely shift from partonic to
hadronic dominance for the bulk fluid somewhere in the
Ô(1 ∼ 10)GeV beam energy region. If the hyperon pro-
duction mechanism in very low energy collisions becomes
substantially different from the partonic picture in the
AMPT model, then the present study may underestimate
the polarization signal. In this sense, quantitative scan of
hyperon polarization across low beam energy could offer
valuable insights into the particle production mechanism
in such collisions.

We’ve also computed the differential observables of hy-
peron global polarization over a wide beam energy span.
The dependence on the rapidity is shown in Fig. 3. A
barely visible increase with rapidity at 200 GeV changes
into a strong rising behavior at low energy down to
5 GeV, which then turns into a strong decrease with ra-
pidity at 3 GeV. This might be understood from the
dependence of vorticity on rapidity, which typically in-
creases first and then decreases, while the shift from
high beam energy to low beam energy has an “inward-
shrinking” effect on the rapidity dependence. The depen-
dence on the transverse momentum in Fig. 4 also shows a
similar pattern, in which both the vorticity and the radial
flow may play a role due to their different dependence on
beam energy.
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FIG. 3. Λ global polarization signal as a function of rapidity
with 0.4 GeV < pT < 3.0 GeV, for AuAu collisions at impact
parameter b = 8 fm for a variety of collision beam energy
from 200GeV down to 3GeV, with the bands representing
statistical uncertainty from our simulation.

In addition to global polarization, the local polariza-
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FIG. 4. Λ global polarization signal as a function of transverse
momentum with |yΛ| < 1.0, for AuAu collisions at impact
parameter b = 8 fm for a variety of collision beam energy
from 200 GeV down to 3 GeV, , with the bands representing
statistical uncertainty from our simulation.

tion patterns of produced hyperons provide another cat-
egory of interesting observables [60]. Measurements by
STAR Collaboration in 200GeV collisions [3] show an az-
imuthal pattern of the longitudinal polarization that con-
tradicts a large class of model calculations based on either
hydrodynamic or transport models. This tension points
to certain potentially subtle effect beyond the global po-
larization in thermal equilibrium. It has recently been ar-
gued that [61–64] a nontrivial coupling between spin and
thermal shear might help resolve the puzzle observed in
200GeV collisions, which might be absent in low energy
collisions. Clearly, it is of great interest to calculate the
local polarization patterns for low energy collisions. In
Fig. 5, we show the dependence of all three components
of the hyperon local polarization on the azimuthal angle
φp with impact parameter b = 5, 8 fm, which are the first
results of its kind for collision beam energies at 3 and 7.7
GeV. The results suggest that these azimuthal angular
patterns are relatively insensitive to the collisional beam
energy, possibly because the local vorticity patterns are
dominated by the radial flow of the fireball and less sensi-
tive to the overall angular momentum [17]. These results
can be compared with future measurements at low en-
ergy to offer insights on the data-model discrepancy seen
at high beam energy.
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FIG. 5. The dependence of Λ local polarization components
on the azimuthal angle φp for collisions with impact parameter
b = 5, 8 fm and with beam energy

√
sNN = 3, 7.7, 200 GeV

with |yΛ| < 1.0 and 0.4 GeV < pT < 3.0 GeV, respectively.
The bands (for b = 5fm results) or error bars (for b = 8fm
results) represent statistical uncertainty from our simulation.

CONCLUSION

In summary, we’ve performed a systematic study on
the beam energy dependence of hyperon global polariza-
tion phenomenon in heavy ion collisions, especially focus-
ing on the interesting Ô(1 ∼ 10) GeV region. Our key
finding is a non-monotonic trend, with the global polar-
ization to first increase and then decrease when beam
energy is lowered from 27 GeV down to 3 GeV. The
maximum polarization signal has been identified around√
sNN = 7.7 GeV, where the heavy ion collisions pre-

sumably create the most vortical fluid. We’ve also re-
ported differential dependence of hyperon global polar-
ization on rapidity and on transverse momentum over a
wide beam energy span, suggesting an interesting change
of patterns between collisions at Ô(10) GeV, and at
Ô(1) GeV. On the other hand, our calculations for the
azimuthal patterns of hyperon local polarization compo-
nents demonstrate very little change across a wide span
of beam energies. Detailed experimental measurements
in the Ô(1 ∼ 10) GeV beam energy region are expected
to become available very soon, which shall provide inter-
esting test of the results from the present work as well
as from other relevant model studies and offer unique in-
sights into the vorticity and polarization phenomenon in



5

the low energy nuclear collisions.
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