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Abstract: This paper investigates the symmetry breaking between the polarizations of Λ and Λ̄
hyperons in relativistic collisions of heavy ions at intermediate and low energies. The microscopic
transport model UrQMD is employed to study the thermal vorticity of hot and dense nuclear matter
formed in non-central Au + Au collisions at center-of-mass energies 7.7 ≤ √sNN ≤ 62.4 GeV. The
whole volume of an expanding fireball is subdivided into small cubic cells. Then, we trace the
final Λ and Λ̄ hyperons back to their last interaction point within a certain cell. Extracting the bulk
parameters, such as energy density, net baryon density, and net strangeness of the hot and dense
medium in the cell, one can obtain the cell temperature and the chemical potentials at the time of the
hyperon emission. To do this, the extracted characteristics have to be fitted to the statistical model
(SM) of ideal hadron gas. After that, the vorticity of nuclear matter and polarization of both hyperons
are calculated. We found that the polarization of both Λ and Λ̄ increases with decreasing energy of
heavy-ion collisions. The stronger polarization of Λ̄ is explained by (i) the slightly different freeze-out
conditions of both hyperons and (ii) the different space–time distributions of Λ and Λ̄.

Keywords: relativistic heavy-ion collisions; transport models; thermal vorticity; polarization of
hyperons

1. Introduction

Experiments with ultrarelativistic heavy-ion collisions at energies of the Relativistic
Heavy Ion Collider (RHIC) (up to

√
s = 200 GeV) and the Large Hadron Collider (LHC)

(
√

s = 2.76 and 5.02 TeV) have already provided a lot of information about the properties
of a new state of matter: quark–gluon plasma (QGP). For the present statuses of theoretical
and experimental studies, see [1] and the references therein. The transition between the
QGP and hadronic matter in this range of energy densities and low baryon chemical
potentials, however, appears to be a smooth crossover rather than the first order phase
transition, expected at lower energies. This circumstance explains the rising interest in
heavy-ion collisions at intermediate and low energies. At present, experiments are being
carried out within the beam energy scan (BES) program at RHIC (7.7 ≤

√
s ≤ 200 GeV)

and at SPS CERN (10 ≤ Elab ≤ 160 AGeV), and are being planned at new facilities,
which are under construction, such as the Nuclotron-based Ion Collider fAcility (NICA)
at JINR (4 ≤

√
s ≤ 11 GeV) and the Facility for Antiproton and Ion Research (FAIR)

at GSI (2.7 ≤
√

s ≤ 4.9 GeV). In addition, slightly lower energy heavy-ion collisions at
2.3 ≤

√
s ≤ 2.6 GeV and 2.3 ≤

√
s ≤ 3.5 GeV are being measured by experiment HADES

at GSI and BMN at JINR, respectively.
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One of the ideas for studying properties of hot and dense matter is to employ, some-
how, extremely high vorticity in noncentral heavy-ion collisions. It was suggested [2] that
highly rotated partonic fluid should influence the polarization of hyperons, especially Λ
and Λ̄. This topic has become a popular branch of research in heavy-ion collisions—see,
e.g., [3–10]—despite the fact that the polarization of both Λ and Λ̄, measured by STAR
Collaboration in Au + Au collisions at

√
s = 200 GeV, was found to be consistent with

zero [11]. Recall that a similar result was obtained by ALICE Collaboration for Λ and Λ̄
polarization in noncentral lead–lead collisions at

√
s = 2.76 TeV and 5.02 TeV [12]. Interest

in the polarization phenomenon has significantly increased after the STAR Collaboration
reported data [13] showing the nonzero polarization of both Λ and Λ̄ in semi-peripheral
gold–gold collisions at center-of-mass energies between 7.7 GeV and 200 GeV. It was shown
that, being consistent with zero at

√
s = 200 GeV, hyperon polarization steadily increases

to 2% with reducing c.m. energy to
√

s = 7.7 GeV. This observation has initiated a lot of
new studies; see, e.g., [14–26] for review. However, the really puzzling fact was that the
polarization of Λ̄ at

√
s > 7.7 GeV was a bit larger, although consistent within the error

bars with that of Λ. However, at
√

s = 7.7 GeV it suddenly rose up to 8.3± 3% [13]. It is
quite difficult to explain this difference within the kinetic or hydrodynamic approaches,
where the polarization of Lambdas and anti-Lambdas is nearly the same; see [10,17,18,22].
For instance, one can rely on the anomalous mechanism based on the axial vortical ef-
fect [15,16,25], or employ the interaction between the hyperon spins and the vorticity of
the baryon current [21].

In [23], it was mentioned that the difference in polarizations of Λ and Λ̄ may arise
because of the different distributions of both hyperon species in space and time and,
therefore, their different freeze-out conditions. Here, we would like to clarify this statement.
Thermal vorticity and its connection with hyperon polarization is sketched in Section 2.
We employ the UrQMD model [27,28] to study the polarization of Λ and Λ̄ in noncentral
gold–gold collisions generated with the energies from

√
s = 7.7 GeV to 62.4 GeV. We

trace each hyperon from the final state to its last interaction point, elastic or inelastic,
in the fireball. After determination of the energy density, net baryon density and net
strangeness density of the freeze-out area, the thermal model of ideal hadron gas is used to
calculate temperature T, baryon chemical potential µB, and strangeness chemical potential
µS. Features of the transport model and formalism of the calculation of thermodynamic
characteristics are discussed in Section 3. Section 4 describes the results of our study.
We argue that differences in freeze-out conditions and space–time distributions of Λ and
Λ̄ can lead to different polarizations of both types of hyperons at intermediate and low
energy regions. Simply, different areas of the expanding system have different vorticities at
different times, whereas space–time distributions of Λ and Λ̄ within the fireball are not
the same. This circumstance becomes especially perceptible when the collision energy is
reduced. Finally, the conclusions are drawn in Section 5.

2. Thermal Vorticity and Hyperon Polarization

One of the most popular approaches to the vorticity problem in noncentral collisions of
heavy ions relies on the assumption of the local thermal equilibrium in the system at particle
freeze-out [7]. Nowadays, other scenarios employing the axial vortical effect [15] have also
become quite popular. In our study, we follow thermal approach formulated in [7,17]. In a
system of natural (or Planck) units, the thermal vorticity tensor reads as follows:

vµν =
1
2
(
∂νβµ − ∂µβν

)
(1)

βµ(ν) = uµ(ν)/T (2)
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where uµ(ν) is the hydrodynamic four-velocity and T is the local temperature. It is con-
nected to the ensemble-averaged spin four-vector Sµ(x, p) of a hyperon via the following:

Sµ(x, p) = − 1
8m

εµνρσ pνvρσ(x) , (3)

where m is the hyperon mass, and εµνρσ is antisymmetric tensor. If the thermal vorticity is
decomposed into the following space–time components,

vT = (v0x, v0y, v0z) =
1
2

[
∇
(γ

T

)
+ ∂t

(γv
T

)]
, (4)

vS = (vyz, vzx, vxy) =
1
2
∇×

(γv
T

)
, (5)

then the space–time components of the spin vector are the following:

S0(x, p) =
1

4m
p ·vS , (6)

S(x, p) =
1

4m
(
EpvS + p×vT

)
, (7)

containing the momentum of hyperon p and its energy Ep =
√

p2 + m2.
How is this spin vector connected to the particle polarization? First of all, one has to

perform a Lorentz boost of the spin vector of, for example, Λ hyperon, measured in the
experiment in its local rest frame S∗µ = (0, S∗) to the center-of-mass frame of a heavy-ion
collision as follows:

S∗(x, p) = S− p · S
Ep
(
m + Ep

)p . (8)

Performing the transport model calculations, one has to determine the average vector
S∗, where the average is taken of all N Λ hyperons emitted from the whole system as
follows:

〈S∗〉 = 1
N

N

∑
i=1

S∗(xi, pi) . (9)

The global polarization of Λ in non-central collisions, measured in the experiment,
is [8] the projection of averaged spin 〈S∗〉 onto the direction of global orbital angular
momentum J as follows:

P =
〈S∗〉 · J
|〈S∗〉||J| . (10)

This scheme was used by the STAR Collaboration in [13].

3. Models at Our Disposal
3.1. UrQMD Model

For our study, we employ the well-known ultra-relativistic quantum molecular dy-
namics (UrQMD) model [27,28]. It was created for the description of hadronic hh, hadron–
nucleus hA and nucleus–nucleus A + A collisions at energies ranging from that of SIS
to RHIC and LHC. Such a broad energy span implies application of several mechanisms
for the description of particle production and interaction. At energies below 1–2 GeV,
the interaction dynamics at the hadronic level can be treated in terms of the interac-
tions between hadrons and their excited states—resonances. It is worth noting here that
the table of hadrons implemented in UrQMD is quite rich. As independent degrees of
freedom, it includes 32 meson and 55 baryon states, as well as their antiparticles and
explicit isospin-projected states from the Particle Data Group (PDG) [29] with masses up
to 2.25 GeV/c. At higher collision energies, the production of new particles takes place
via formation and subsequent fragmentation of new colored objects, colloquially known
as strings. Strings are uniformly stretched between quarks and antiquarks, or between
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quarks and diquarks, or between their antistates. The string tension κ is constant and
equals κ ≈ 1 GeV/fm. The excited strings are fragmented into pieces via the Schwinger
mechanism [30] of (di)quark-anti(di)quark pair production, and newly produced hadrons
are assumed to be uniformly distributed in the rapidity space. In contrast to models based
on the color-exchange scheme [31–34], UrQMD utilizes the longitudinal mechanism of
string excitation [35]. In the latter case, the string masses arise from the momentum transfer.
The model also employs tables of experimentally available information, such as widths
of resonances, cross sections of hadronic interactions, and hadron decay modes. In the
case of a lack of needed information, UrQMD relies on the one-boson exchange model,
isospin symmetry conditions and detailed balance considerations. The propagation of
particles is governed by Hamilton equations of motion. For the description of hA and
A + A collisions, the hadronic cascade is used. Note that, due to the uncertainty principle,
newly produced hadrons can interact only after a certain period called the formation time.
However, if hadrons contain the valence quarks, they can interact immediately with the
reduced cross section σ = σqN . The Pauli principle is taken into account via the blocking
of the final state if the outgoing phase space is occupied. Further details can be found
elsewhere; see [27,28,36].

3.2. Statistical Model of Ideal Hadron Gas

From the description of basic features of the microscopic transport model UrQMD,
it is obvious that conditions of the global or local thermal equilibrium are not explicitly
implemented in it. One has to, therefore, develop the procedure to determine the thermo-
dynamic characteristics of the system created in heavy-ion collisions. Relaxation of hot and
dense nuclear matter produced in relativistic heavy-ion collisions to local chemical and
thermal equilibrium within microscopic transport models was studied in [37–43]. In what
follows, we employ the method suggested there to calculate both the temperature and
chemical potentials of the hot and dense medium. Namely, the volume of the expanding
fireball is subdivided into relatively small cells. To measure the energy density ε, net baryon
density ρB, and net strangeness density ρS of each cell, we generate a sufficient number of
heavy-ion collisions at the same center-of-mass energy and with the same centrality. If the
mixture of hadron species is in local equilibrium, its properties are fully determined by the
set of distribution functions as follows:

f (p, mi) =

{
exp

(
εi − µi

T

)
± 1
}−1

(11)

where we again use the system of natural units with c = h̄ = kB = 1. In Equation (11),

m is the mass, p is the momentum, εi =
√

p2 + m2
i is the energy, and µi is the chemical

potential of the hadron species i, respectively. The sign + stands for fermions and −
stands for bosons. Since the electric chemical potential is usually much smaller, compared
to that of the baryon charge or strangeness, we will disregard it and consider only the
baryon and strangeness chemical potentials as attributed to the conserved charges in strong
interactions. Thus, the total chemical potential of the i-th hadron, possessing the baryon
charge B and strange charge S, reads as follows:

µi = BiµB + SiµS (12)

Then, the particle number density ni and the energy density εi within the volume V are
calculated as the first and the second moments of the distribution function
f (p, mi), respectively, as follows:

ni ≡
Ni
V

=
gi

(2π)3

∫
f (p, mi)d3 p (13)

εi ≡
Ei
V

=
gi

(2π)3

∫
εi f (p, mi)d3 p (14)
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where gi is the spin-isospin degeneracy factor. In order to obtain T, µB and µS one has
to insert the extracted microscopic parameters {εmic, ρmic

B and ρmic
S } into the system of

nonlinear equations as follows:

εmic = ∑
i

εi(T, µB, µS) , (15)

ρmic
S = ∑

i
Si ni(T, µB, µS) , (16)

ρmic
B = ∑

i
Bi ni(T, µB, µS) , (17)

It is important to stress that the set of hadron species, employed in the statistical model
as independent degrees of freedom, should be the same as that used by the microscopic
model. A comparison of the hadron yields and energy spectra, given by the microscopic
model, to the SM spectra in the central area of heavy-ion collisions reveals that hot and
dense nuclear matter needs about 5–8 fm/c to reach the vicinity of the chemical and local
equilibrium. The extracted macroscopic parameters help us to determine the freeze-out
conditions of Λ and Λ̄ hyperons, and temperature is employed further for calculation of
the thermal vorticity of nuclear matter.

4. Vorticity, Freeze-Out and Hyperon Polarization

In the present paper, polarization of Λ and Λ̄ is studied in noncentral Au + Au
collisions at c.m. energies corresponding to the Beam Energy Scan program at RHIC,
i.e., from

√
s = 200 GeV to 7.7 GeV. During the BES, experimental data were obtained

by the STAR Collaboration for centrality bin 20% ≤ σ/σgeo ≤ 50%. To compare the
model calculations with the data, we generated at each energy not less than one million
collisions with the impact parameter (i) b = 6 fm and (ii) b = 9 fm, roughly corresponding
to minimum and maximum centrality values of the selected bin. The number of events
generated at each centrality is listed in Table 1. In addition, the imposed kinematic cuts
on the hyperon spectra, |y| ≤ 1 for the rapidity window and 0.1 ≤ pT ≤ 3 GeV/c for the
transverse momentum correspond to those of the STAR experiment [13].

Table 1. Number of Au + Au collisions generated within UrQMD with impact parameters b = 6 fm
and b = 9 fm at energies

√
s = 7.7, 11.5, 14.5, 19.6, 27, 39, and 62.4 GeV.

√
s (GeV) 7.7 11.5 14.5 19.6 27 39 62.4

Nevents, b = 6 fm (106) 1.4 1.3 1.2 1.1 1.0 1.0 1.0
Nevents, b = 9 fm (106) 1.7 1.5 1.3 1.1 1.0 1.0 1.0

Before starting the study of vorticity and hyperon polarization, we have checked the
conservation of angular momentum in the model. Recall that UrQMD implies explicit
conservation of energy, momentum and charges, such as the electric charge, net baryon
number and net strangeness, in every collision process. Angular momentum conservation,
however, is not checked in the program. It can be calculated as follows:

~J =
N

∑
i=1

[~ri × ~pi] , (18)

where~ri and ~pi are radius–vector and momentum of the i-th particle, respectively, and
N is the total number of particles in the event. Calculations of J (in units of h̄) for Au +
Au collisions with b = 6 fm at four different energies are shown in Figure 1. One can see
that total angular momentum is not exactly conserved, especially at the early stages of
the collisions. We found that the violation occurs mainly due to the presence of inelastic
collisions via decays of strings. On the other hand, maximum relative deviations do not
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exceed ' 2%, i.e., they are very small. Therefore, we concluded that angular momentum in
UrQMD calculations is nearly conserved.

Figure 1. (Color online) Evolution of angular momentum in UrQMD generated Au + Au collisions
with b = 6 fm at

√
s = 7.7 GeV (dotted curve), 11.5 GeV (dot-dashed curve), 14.5 GeV (dashed curve),

and 19.6 GeV (dash-dotted curve). For better visualization, the first three distributions are multiplied
by factors 2.55, 1.70, and 1.35, respectively.

Then, microscopic transport models usually favor non-uniform continuous freeze-
out of hadrons [44–46] rather than the sudden freeze-out at given temperature or energy
density, which is typical for the majority of hydrodynamic models. Figure 2 displays
emission density dN/dt of Λ and Λ̄ in gold–gold collisions with the impact parameter
b = 6 fm generated at energies

√
s = 7.7 GeV and 62.4 GeV. Here, t corresponds to time

after the beginning of nuclear collision when the particle has experienced its last elastic or
inelastic scattering. Vertical arrows indicate the average emission times of both hyperons.

The emission of both hyperons during the first few fermis is small but rapidly increas-
ing. The bulk production of Λ and Λ̄ takes place between 10 and 25 fm/c, although both Λ
and Λ̄ are continuously emitted until the very late stage of the system evolution. Despite
the qualitative similarity of Λ and Λ̄ distributions, the mean values of the freeze-out times
indicate that Λ̄ hyperons are emitted, on average, earlier than Λ’s. In addition, the lower
the c.m. energy, the shorter the time of emission. For instance, the mean freeze-out time
for (Λ and Λ̄) equals 21.3 fm/c and 19.8 fm/c, respectively, at

√
s = 7.7 GeV. Such a small

difference looks almost insignificant; however, one has to bear in mind that the system
rapidly expands and, therefore, its temperature drops very quickly.

Thus, the macroscopic characteristics at the hyperon freeze-out, i.e., the temperatures
and chemical potentials of the areas from where the hyperons are emitted, have to be
investigated. To obtain this information, the whole volume of the fireball was subdivided
into small cubic cells with volume V = 1 fm3. Then, after the generation of a million
collisions, we were able to calculate for each cell the time evolution of average total energy
density ε, net baryon density ρB = ρB − ρB̄, and net strangeness density ρS = ρS − ρS̄. It
is worth noting that the calculations were made in the local rest frame of the cell. The
standard time step was chosen as ∆t = 1 fm/c. Having this information at hand, one may
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employ the procedure described in Section 3.2 to determine the temperature T and both
chemical potentials, µB and µS, for each cell. Recall that, even in very central collisions
with the impact parameter of b = 0 fm temperature, the baryon chemical potential and
strangeness chemical potential are not distributed uniformly, even at midrapidity. This is
illustrated in Figures 3–5, where distributions of calculated T, µB, µS are shown together
with the values of ε, ρB, ρS extracted from microscopic model calculations at three different
time slices, namely t = 10 fm/c (Figure 3), t = 16 fm/c (Figure 4), and t = 20 fm/c
(Figure 5) corresponding to the maximal hyperon production.

5 10 15 20 25 30 35 40 45 50

t [fm/c]

7−10

6−10

5−10

4−10

3−10

2−10

1−10

1

d
N

/d
t 

[c
/f

m
]

<4.5 GeV/c
t

UrQMD3.4, Au+Au, b = 6 fm, |y|<1, 0.2<p

 @ 7.7 GeVΛ  @ 7.7 GeVΛ

 @ 62.4 GeVΛ  @ 62.4 GeVΛ

Figure 2. (Color online) Emission rates of Λ and Λ̄ per unit time in UrQMD generated Au + Au
collisions with b = 6 fm at

√
s = 7.7 GeV (dotted and dot-dashed curves) and 62.4 GeV (long-dashed

and dash-dotted curves). Vertical arrows show the averaged emission time of the species.

It is easy to see in these three figures that spectators have the highest energy densities
and highest temperatures among the other parts of the expanding fireball. Recall that this
is the so-called proper temperature obtained in the local rest frame of each cell. The area
between the spectators possesses the same temperature everywhere, except for the fireball
surface, which is colder, compared to the inner area. Both chemical potentials are also
almost uniform in the inner part of the system. This observation supports the hypothesis of
the local equilibrium of nuclear matter produced in relativistic heavy-ion collisions. At late
stages, the medium in the center of the fireball is quite dilute, and its temperature decreases;
see Figure 5. The baryochemical potential in the central zone of the reaction demonstrates
the opposite tendency. It is minimal in the spectator areas and maximal on the fireball
surface. In contrast to the temperature, the baryon chemical potential is increasing in the
central region when the matter here is becoming more dilute, as seen in Figures 4 and 5.
On the other hand, the behavior of the chemical potential of strangeness is similar to that of
the temperature. Therefore, the temperature of a cell from which the hadrons are emitted
depends on both the time of the evolution and the position of the cell inside the fireball.
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Figure 3. (Color online) Upper row: distribution of T, µB, µS at midrapidity 0 < y < 1 in the reaction plane of central
Au + Au collisions at Elab = 40 AGeV (

√
s = 8.7 GeV) at time t = 10 fm/c. Bottom row: the same as upper row but for

ε, ρB and ρS.

Figure 4. (Color online) The same as Figure 3 but for time t = 16 fm/c.
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Figure 5. (Color online) The same as Figure 3 but for time t = 20 fm/c.

What about noncentral collisions? Let us pick up gold–gold collisions generated at√
s = 7.7 GeV with the impact parameter b = 6 fm. Figure 6 presents the temperature

distribution in the reaction plane of this reaction at time t = 15 fm/c.

Figure 6. (Color online) Temperature distribution within the reaction plane of UrQMD-generated Au
+ Au collisions at

√
s = 7.7 GeV with b = 6 fm at time t = 15 fm/c.
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Similar to very central collisions, the temperature in noncentral collisions is highest
in the spectator zones and lowest at the surface of the expanding system. Therefore, it
is important to investigate the spatial distributions of Λ and Λ̄ hyperons in the whole
volume. It appears that these distributions are different, as displayed in Figure 7. Here, the
density distributions d2N/dxdz of Λ and Λ̄ in the reaction plane of gold–gold collisions
with b = 6 fm at

√
s = 19.6 GeV are shown at the moment t = 15 fm/c, together with the

collective velocities of the cells. Lambdas have a maximum number density in the spectator
areas, i.e., they follow the baryon-rich matter. Other Λs are distributed almost uniformly
between these zones. In contrast, anti-Lambdas reach a maximum concentration in the
baryon-less areas, although the total distribution of Λ̄ looks more isotropic, compared
to that of Λ. Therefore, in addition to slightly different average freeze-out times, both
hyperons experience their last inelastic or elastic collision in different space areas. Knowing
the collective velocity and temperature of each cell, one can determine the vorticity map
of the system.

Figure 7. (Color online) Contour plots: density distributions d2N/dxdz of Λ (left window) and Λ̄
(right window) in the reaction plane of UrQMD-calculated Au+Au collisions with impact parameter
b = 6 fm at

√
s = 19.6 GeV at time t = 15 fm/c. Arrows indicate collective velocities of the cells.

We focus on the reaction-plane component vzx. The reason is simple: compared to the
other two spatial vorticity components, the component vzx is directed along the angular
momentum of the system. This circumstance makes it very important for the calculation of
the polarization of both hyperons, Λ and Λ̄. The vorticity component vzx, calculated in Au
+ Au with b = 6 fm at

√
s = 7.7 GeV at time t = 15 fm/c, is shown in Figure 8.

In this figure, one can distinctly see the violation of the quadruple structure of vzx.
Recall that at c.m. energies above 19.6 GeV, the thermal vorticity in z–x plane of noncentral
heavy ion collisions is well subseparated into four regions almost coinciding with the plane
quadrants [8,22]. The matter in the first and third quadrants possesses a negative vorticity,
whereas in the second and forth ones, its vorticity is positive. At lower collision energies,
this picture is severely distorted by the emergence of the central region with a small but still
negative vorticity. Therefore, the first and third quadrants with a negative thermal vorticity
are not separated anymore; see Figure 8. This region increases with the decreasing energy
of the collisions. Because of the expansion of the fireball, the strength of vzx decreases,
though the average vorticity remains negative. The negative thermal vorticity results in
the positive polarization of hyperons, in line with the other calculations [10].
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Figure 8. (Color online) Spatial component of thermal vorticity vzx, calculated within the reaction
plane of UrQMD-generated Au + Au collisions with b = 6 fm at

√
s = 7.7 GeV and at t = 15 fm/c.

In transport models, we can trace back the trajectory of any particle to its last interac-
tion point in the system. In the case of hyperons, we know both the hyperon momentum
and the thermal vorticity of the cell from which it was emitted. Now, one can employ
Equation (3) to calculate the global polarization of Λ and Λ̄. The polarization of Λ hyperons
emitted within the time span from 1 fm/c to 30 fm/c in Au + Au collisions with b = 6 fm
generated at energies from

√
s = 7.7 GeV to 62.4 GeV is depicted in Figure 9 (left). The

corresponding distributions for the evolution of polarization of Λ̄ in these collisions are
shown in Figure 9 (right). We can see that the polarization of both hyperon species, emitted
at early times, is very high because the system of colliding nuclei possesses the largest
vorticity at this moment. In the course of expansion of the fireball, its vorticity vzx rapidly
drops and, therefore, the polarization of both Λ and Λ̄, emitted at later times, also decreases.
As one can see in Figure 2, anti-Lambdas are frozen slightly earlier than Lambdas. This
circumstance leads to stronger global polarization of Λ̄ compared to Λ. Note also that
the difference in polarization of the hyperons emitted after t ≈ 15 fm/c is very small. At
lower energies of nuclear collisions, Λ and Λ̄ are (i) frozen earlier and (ii) produced more
abundantly in the areas with a negative vorticity. Both phenomena work toward increasing
the global hyperon polarization.

The dependence of the global polarization of both hyperons on energy is is presented
in Figure 10. Here, the UrQMD calculations of Au + Au collisions with impact parameters
(i) b = 6 fm and (ii) b = 9 fm are compared to the STAR data [13,47]. The centrality range,
therefore, is 20% ≤ σ/σgeo ≤ 45% for UrQMD calculations and 20% ≤ σ/σgeo ≤ 50% for
the experimental data. Only hyperons emitted earlier than t = 30 fm/c are taken into
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account. One can see that UrQMD reproduces the experimental very well for both Λ
and Λ̄ polarization for collisions with energy

√
s = 11.6 GeV or higher. The larger the

impact parameter of the collision, the larger the hyperon polarization. The model correctly
reproduces the fact that the polarization of Λ̄ is stronger than that of Λ at energies below√

s = 62.4 GeV.
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Figure 9. (Color online) Global polarization of Λ (left plot) and Λ̄ (right plot) emitted at 1 ≤ t ≤
30 fm/c in UrQMD-calculated Au + Au collisions with b = 6 fm at energies

√
s = 7.7 GeV (circles),

11.5 GeV (triangles up), 14.5 GeV (stars), 19.6 GeV (crosses), 27 GeV (squares), 39 GeV (asterisks) and
62.4 GeV (triangles down), respectively.
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Figure 10. (Color online) Polarization of Λ and Λ̄ in UrQMD-calculated Au + Au collisions with
b = 6 fm and b = 9 fm at energies from

√
s = 7.7 GeV to 200 GeV. Results for Λ at b = 6(9) fm are

shown by a dashed (dash-dotted) line, whereas results for Λ̄ at these centralities are depicted by a
dotted (long-dashed) line, respectively. Symbols indicate the STAR data taken from [13,47]. Figure is
taken from Ref. [23].
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There is only one discrepancy in this plot, namely, the very strong global polarization
of Λ̄ measured at

√
s = 7.7 GeV is underpredicted by a factor of 2.5; see Figure 10. The

effect may originate partly from the very low statistics for Λ̄ at this energy range, thus
resulting in large error bars. Therefore, the statistics of the experiment must be improved.
If the large magnitude of Λ̄ polarization is to be preserved in the case of increased statistics,
one should consider further modifications of the approach. One of the possible ways is to
slightly reduce the average freeze-out time for anti-Lambdas in the model. Other effects,
such as the axial vortical effect and so forth, can be also added to the considered scheme.
This extremely interesting problem should be clarified in the nearest future.

5. Conclusions

We studied the thermal vorticity of nuclear matter produced in noncentral gold–gold
collisions at energies from

√
s = 7.7 GeV to 62.4 GeV, and connected to it the polarization

of Λ and Λ̄ hyperons in these collisions. The Au + Au collisions were generated within the
UrQMD model with two impact parameters, b = 6 fm and b = 9 fm, roughly corresponding
to the centrality region 20–50%, studied by the STAR Collaboration during the Beam Energy
Scan program. The whole volume of the expanding system was subseparated into small
cubic cells for better location of the areas from which both hyperon species were emitted.
To obtain the temperatures of the individual cells, the statistical model of ideal hadron gas,
containing precisely the same number of hadronic species as UrQMD, was employed. This
allowed us to study the evolution of the reaction-plane component of thermal velocity, vzx.

Firstly, the freeze-out of Λ and Λ̄ was checked. It was found that Λ̄ are frozen, on
average, slightly earlier, compared to Λ. Additionally, at high energies of heavy ion
collisions, both Λ and Λ̄ are distributed almost uniformly at midrapidity. At intermediate
and lower energies, spectators are closer to the midrapidity range. The density of Λ reaches
a maximum in the baryon-rich areas, whereas Λ̄ are mainly distributed in the baryon-free
zones. These areas of the fireball have different thermal vorticities; therefore, the global
polarizations of Λ and Λ̄ are also different. At higher energies, the polarizations of both
hyperons at midrapidity are similar.

At lower energies, the thermal vorticity of matter decreases more slowly, compared
to that at higher energies. Additionally, hyperons are produced more abundantly in the
regions with a negative vorticity. This circumstance leads to positive polarization of both
hyperon species. Our calculations are in a good agreement with the results of the STAR
experiment, except the anomalously high value (though, with very large error bars) of Λ̄
polarization in Au + Au collisions at

√
s = 7.7 GeV. This result needs further investigation.
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