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Abstract

This work is dedicated to study of vortical structure of matter in heavy-
ion collisions. Analysis of transport properties of Quark-Gluon Plasma (QGP)
is very important in modern physics. In this research were obtained results
of velocity, vorticity and helicity measurements with different hadron species.
Performed comparison of different methods of calculation. For this analysis was
generated data of Au+Au collisions with

√
𝑠𝑁𝑁 = 11.5 GeV by UrQMD model

(Ultra-relativistic Quantum Molecular Dinamics).
Obtained results could be used in other QGP studies, like global polariza-

tion, chiral vortical effect (CVE), the chiral vortical wave (CVW) etq.
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1. Introduction

The extreme temperatures and energy densities generated by non-central
collisions have angular momentum on the order of 1000 ~, and the resulting
fluid may have a strong vortical structure that must be understood to properly
describe the fluid. Recently, it was realized that noncentral heavy-ion collisions
can also generate finite flow voriticty and thus provide us with a chance to study
quark-gluon matter under local rotation [1]. The mechanism of the generation
of finite vorticity is simple[2].

In a non central heavy-ion collision, the two colliding nuclei have a fi-
nite angular momentum in the direction perpendicular to the reaction plane,
𝐽0 𝐴𝑏

√
𝑠𝑁𝑁/2, with A the number of nucleons in one nucleus,b the impact pa-

rameter, and
√
𝑠𝑁𝑁 the center-of-mass energy of a pair of colliding nucleons. After

the collision, a fraction of the total angular momentum is retained in the pro-
duced partonic matter which we will call the quark-gluon plasma (QGP). This
fraction of angular momentum manifests itself as a shear of the longitudinal
momentum density and thus nonzero local vorticity arises. In hydrodynamics,
the vorticity represents the local angular velocity, and its existence in heavy-ion
collisions may induce a number of intriguing phenomena, for example, the chi-
ral vortical effect (CVE) [3], the chiral vortical wave(CVW) [4], and the global
polarization of quarks and Λ hyperons[5].
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2. Theory Overview

2.1. Velocity and vorticity within hydrodynamics

In non-relativistic hydrodynamics, the fluid vorticity is defined by 𝜔 =
(1/2)∇·v with v the flow velocity, which represents the local angular velocity of
the fluid cell. In this analysis velocity of cell was defined as < 𝑝𝑖

𝐸𝑖
>, where 𝑝𝑖, 𝐸𝑖

are momentum and full energy of 𝑖-th particle inside cell.
The relativistic extension of 𝜔 is not unique. One can define different

relativistic vorticities according to different physical conditions. A natural one is
the kinematic vorticity, 𝜔𝜇 = (1/2)𝜖𝜇𝜈𝜌𝜎𝑢𝜈𝜕𝜌𝑢𝜎, where 𝑢𝜇 = 𝛾(1,v) is is the four

velocity with 𝛾 = 1/
√

1 − 𝑣2 being the Lorentz factor, whose spatial components
reduce to the non-relativistic vorticity in low-velocity limit[6]. This defintion of
vorticity was used in this analysis.

2.2. Helicity and global polarization

Hydrodynamical helicity 𝐻 =
∫︀
𝑑𝑉 (v𝜔) is the pseudoscalar characteristics

of the vorticity, which is related to a number of interesting phenomena in hy-
drodynamics and plasma physics, such as the turbulent dynamo and Lagrangian
chaos[7].

In the other hand, helicity is the quantity, which gives information about
global polarization of particles in collision. In non-central heavy-ion collisions,
the created medium is supposed to have a large angular momentum transferred by
two colliding nuclei. Such an initial angular momentum would be partially trans-
ferred to the spin of produced particles and then the resulting global polarization
would be experimentally detectable via hyperons through their parity-violating
weak decay.

One of methods of measuring polarization is based on the calculation of
strange axial charge[8]:

𝑄𝑠
5 =

< 𝜇2𝛾2 > 𝑁𝑐𝐻

2𝜋2
(1)

The average polarization can be estimated by dividing 𝑄𝑠
5 by the number of

Λ’s, assuming that the pseudovector of axial current is proportional to the pseu-
dovector of polarization 𝑄𝑠

5 < ΠΛ,𝑙𝑎𝑏
0 >. Selecting the axial charge related to the

particles in the definite rapidity or transverse momentum interval, the respective
dependence of polarization may be also obtained.

As the axial charge should be related to the zeroth component of hyperon
polarization in laboratory frame Π𝑙𝑎𝑏

0 , the transformation to hyperon rest frame
should be performed as follows:

< ΠΛ
0 >= 𝑄𝑠

5 <
𝑀Λ

𝑁Λ𝑝𝑦
> (2)
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3. The UrQMD model

3.1. Model description

The UrQMD is a microscopic transport model designed for the description
of hadron-hadron (hh), hadron-nucleus (hA) and nucleus-nucleus (AA) collisions
for energies spanning a few hundred MeV up to hundreds of GeV per nucleon in
the center-of-mass system (c.m.system). The model is presented in detail in [9,
10]. As discrete, quantized degrees of freedom, the model contains 55 baryon and
32 meson states, together with their antiparticles and explicit isospin-projected
states, with masses up to 2.25 GeV/𝑐2. The tables of the experimentally available
hadron cross sections, resonance widths and decay modes are implemented as
well. At moderate energies the dynamics of ℎℎ or 𝐴𝐴 collisions is described in
UrQMD in terms of interactions between the hadrons and their excited states
(resonances). At higher values of the four-momentum transfer, ℎℎ interactions
cannot be reduced to the hadron-resonance picture anymore, and new excited
objects, color strings, come into play.

The excitation of the strings make it energetically favorable to break the
string into pieces by producing multiple 𝑞𝑞-pairs from the vacuum. Due to the
fact that the color string is assumed to be uniformly stretched, the hadrons
produced as a result of the string fragmentation will be uniformly distributed in
rapidity between the endpoints of the string. The propagation of the hadrons is
governed by Hamilton equations of motion, with a binary collision term of the
form of relativistic Boltzmann-Uehling-Uhlenbeck (BUU) transport model. The
Pauli principle is taken into account via the blocking of the final state, if the
outgoing phase space is occupied[11].

3.2. Simulation parameters and features

For this analysis was generated 200 × 103 of Au+Au collisions with
√
𝑠𝑁𝑁

= 11.5 GeV at time = 15 fm/c after collision and with impact parameter from 0
to 9.

To make UrQMD data closer to hydrodinamic theory, all particles values
were distributed in space by Gauss distribution with normalization to 1.
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4. Vortical structure study

4.1. Velocity and vorticity calculations

For forward calculations coordinate space was divided into 40×40×40 cells
of volume with dx=dy=dz=1 fm. Particles values were distributed by Gaussian
with 𝜎 parameter connected with distance to center of the nearest 5 cells in all
directions.

The results of velocity calculations for impact parameter = 6 fm are pre-
sented below (Fig.1-3).

Figure 1. Velocity field projection on yz-plane

Figure 2. Velocity field projection on xz-plane

Figure 3. Velocity field projection on xy-plane
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Velocities were calculated for three cases: for all particles in cell, only for
baryons in cell and only for mesons in cell. These three different calculations
gave different values of velocity (Fig.4). It’s interesting to inspect this fenomena
to understand fluid properties of matter. The ratio of different calculations to
each other are presented on Figure 5.

Figure 4. Mean velocities for different particles vs impact parameter

Figure 5. Ratio of different velocity calculations
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As it seems, results for all particles and only for mesons are close, but
there is big difference for baryons velocities. It means that there is division in
fluid, that should be inspected in future. It is possible, that this fenomena is a
manifestation of some superfluid properties of mesons component.

The same procedure was done for vorticity, and it gave the same result,
except that difference between full-baryon and baryon-meson ratio become bigger
(Fig.6). That happens, because vorticity is differential value and it is more
sensible to fluctuations.

Below (Fig.7) is shown vorticity projection to xz plane with z = 0. It
has quadruple-like structure in reaction plane. First and third quadrant are
connected with central region which has small negative vorticity.

Figure 6. Ratio of different vorticity calculations

Figure 7. Vorticity in reaction plane
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4.2. Helicity separation and Global Polarization

For each cell Helicity was calculated as a projection of velocity vector to
vorticity vector. Then it was summarized around all cells. Observed result was
mostly zero. For the cells with the definite sign of the velocity components,
which are orthogonal to the reaction plane (which may be selected also experi-
mentally), the helicity is nonzero and changes the sign for the different signs of
these components (Fig.8). The effect is growing with impact parameter.

Figure 8. Helicity separation

Helicity was too calculated for mesons, baryons and all particles (Fig.9).
As shown at Fig.10, this value is much more sensible for particles parameters.
Ratios of full-baryon and meson-baryons have big difference, which means, that
calculating polarization, using helicities from different particles wouldn’t give the
same result, and this interesting point should be inspected in future too.

Figure 9. Mean helicity vs impact parameter
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Figure 10. Helicity ratios for full-baryon and meson-baryon cases

Finally, using formulas (1),(2) global polarization of Λ hyperons was ob-
tained. Chemical potential of strange quark 𝜇 was taken 30 MeV. Polarization
was calculated, as helicity, for cases with y coordinates ¿ 0 and y ¡ 0. Results are
shown on Fig. 11.

Figure 11. Polarization for different y sign vs impact parameter
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5. Conclusion and Outlook

During analysis were investigated following physical quantaties within UrQMD
model: velocity, vorticity and hydrodinamical helicity. All values were calculated
for all particles, baryons and mesons.

Observed difference in ratios for all quantities, what is giving information
about non-uniform structure of fluid, what could be understood in superfluid
theory. The influence of this effect should be investigated in future.

In analysis were shown quadruple-like structure of vorticity in reaction
plane and helicity separation due velocity sign changes.

At least global Λ polarization signal dependence from impact parameter
was obtained.
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