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1 Abstract

We study the structure of votricity and hidrodynamic helisity fields in non-
central heavy ion collisions. Using the Simulating Many Accelerated Strongly-
interacting Hadrons (SMASH) model we perform the numerical simulations of
Au-+Au collisions at energy /syy = 11.5 GeV. In this research velocity, vor-
ticity and helicity was calculated using different definitions of cell velocity.
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2 Introduction

The high-energy heavy-ion collisions provides us unique opportunity to study
strongly interacting matter in laboratory. In peripheral high energy heavy ion
collisions the system has a large angular momentum in the direction perpendicu-
lar to the reaction plane [1]. After the collision, part of total angular momentum
is saved in the quark-gluon plasma. This fraction of the angular momentum is
manifested as a shift in the longitudinal momentum density and it has been
shown in hydrodynamical computation that this leads to a large shear and vor-
ticity [2]. In hydrodynamics, the vorticity represents the local angular velocity,
and it leads to interesting effects. For example may occur phenomena like rota-
tion [3], or even turbulence [4] [5]. Also the large angular momentum may show
itself in the polarization of secondary produced particles [6].
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3 Basic concepts and methodology

3.1 Velocity and vorticity

We start our studies with the structure of velocty and vorticity fields. We will
consider these values as the average for all particles in a given phase volume.

Mathematically the velocity field can be defined as double sum over the
particles in phase volume and over all simulated collisions: [7]

(1)

17(‘T7 y? Z’ t) =

where 15;]- and Y j E;; are the momentum and full energy of particle i in the
collision j, respectively.
Another way of calculating velocity field is to sum particle velocities:

eyt = 330 2
i § -

Unlike in classical hydrodynamics, where vorticity is defined as:

w=Vx4v (3)

several vorticities can be defined in relativistic hydrodynamics according to dif-
ferent physical conditions [6].

3.2 Helicity

Helicity is a pseudoscalar characteristic of vorticity:
H= /dV(@'* @) (4)
that is associated with a number of interesting phenomena in hydrodynamics

and plasma physics, such as turbulent Dynamo and Lagrangian chaos [7]. It is
the extent to which corkscrew-like motion occurs



55

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

4 The SMASH model

4.1 Model overview

SMASH (Simulating Many Accelerated Strongly-interacting Hadrons) model,
created in 2018, is based on hadronic transport approach. This approach have
been successfully applied to describe the dynamical evolution of heavy ion col-
lisions since many years. The goal of model is to provide baseline calculations
with hadronic vacuum properties to identify signals of the phase transition to
the quark-gluon plasma.All information about the model can be read [8].

The main advantage of microscopic transport approach is that the full phase-
space information of all particles is available at all times. Model uses the most
well-established hadronic states from the Review of Particle Properties [9] with
their corresponding decays and cross sections.

It constitutes an effective solution of the relativistic Boltzmann equation
with binary interactions. Most interactions proceed via resonance excitation
and decay at lower energies or string excitation and fragmentation at higher
energies.

4.2 Event generating

For all calculations SMASH-1.6 has been used.

Was generated 10° of Au+Au collisions at energy \/syy = 11.5 GeV with
time ¢ < 20fm/c after collision and time step 6t = 1fm/c. The impact pa-
rameter is in range from 0 to 10 with "quadratic" distribution - use areal input
sampling (the probability of an input parameter range is proportional to the
area corresponding to that range sP(b) = b db).

Potentials was off. Fermi motion was set frozen. Calculation Frame used
center of velocity.
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5 Velocity and vortisity fields
5.1 Velocity weighting

To make the distribution of particles more uniform in coordinates and in mo-
menta, a Gauss weighting was made. At fig. [[| the three plane projection of the
cell velocity (1) for all particles with no weighting at time ¢ = 10fm/c. This is
projections from 3d plot, and they sum all slices (near less than 40). So we the
values are more than 1. However at 1 slice this distribution looks like [1| right
down figure. So velocity lowers to the center.

Velocity xz projection Velocity yz projection
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Figure 1: The three plane projection of not weighted velocity at t=10fm/c and
right bottom 1 slice XY projection, z=0-1 fm/c.

The same was made for weighted particles. As we can see at fig [2| weighted
velocity is smoother. This means that it is less susceptible to random fluctua-
tions. And when we will calculate the derivatives numerically, the values will
be more even and accurate.
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Figure 2: The 3 plane projections of weighted velocity at t=10fm/c
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5.2 Vorticity calculation

The vorticity was calculated using discrete partial derivatives. We use numerical
differentiation by three nodes, where possible, and differentiation by two nodes

was used at the edges.

At the figure [3] is shown vorticity projection in reaction plane at y from 0
to 1 fm/c. We can see the quadrupole-like structure. The upper figures show
the vorticity values. While the bottom only it sign. It can be seen that in the
center of the structure its value tends to 0. At the borders, since the derivative
is calculated less accurately and, possibly, there are few particles, we observe

strong fluctuations. The vorticity cells with values more than 0.1 were excluded,
because they are observed only at the borders in a small number of cells.
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The figure (] contains all vorticities, but we can’t see the quadrupole-like
structure. And some big values near the border.That changes sing from cell to

cell and must be taken more accurate.
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Than we made ratio for this two methods for all cells, and for cells with
vorticity < 0.1. As shown in figure [5| , for cells with any vorticity, the values
diverge greatly, near 50%, while for cells with a value less than 0.1 they coincide
within 2%. However This means that the methodology of calculating the vor-
ticity strongly affects the boundaries and almost does not differ in the center.
This effect is also possible due to a change in the method of calculating the
derivative from three nodes to two at any coordinate.
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Figure 5: Vorticity ratio for 2 differen methods (2)/(1) with all cells (right)
and only with vorticity less than 0.1 (left).

5.3 Helicity separation

For each impact parameter helicity was calculated for cells with positive and
negative speeds separately. Because the sum helicity is near 0.

As shown at fig [6] helicity is not zero and changes the sign with the sign of
the velocity y component calculated with (1).
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Figure 6: Helicity separation with positive and negative velocity

Also we compared the values obtained for helicity, depending on the method
for determining the velocity. As it can be seen from the figure [7] the values
obtained by method (1) are slightly larger than those obtained by the (2). With
impact parameter < 1 mm the values are very different, since very central
collisions occur.



18—
et 4 positive velocity
14 v negative velocity
12
1 : v v A v () X
A X A v x A
X v
0.4
02—
0: I I I | | . |
o 1 2 3 4 5 6 7

9 10
impact, [mm]

Figure 7: Helicity ratio for 2 different methods of calculating velocity.
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6 Conclusion

At this analysis we calculated the following physical quantities within SMASH
model: velocity, vorticity and hydrodinamical helicity. All valies was calcu-
lated for all particles. Was used two different definitions for velocity, that has
some differences in final values. Also particle weighting makes distribution more
smooth, which leads to more accurate values of the derivative.

During the analysis were shown quadrupole-like structure of vorticity in reac-
tion plane and helicity sign changes with velocity, two methods works practically
the same for low vorticities, and has some differences with huge values.
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