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Abstract. In this work, we study relativistic heavy ion collisions by using a hydrodynamic
model for both ideal and viscous cases to investigate the influence of dissipative effects on the
elliptic flow and HBT interferometry. We conclude that the bulk viscosity has small influence
in hydrodynamic calculations. However, our results show that the shear effects are important
for describing the experimental data in central collisions.

1. Introduction

Relativistic heavy ion collisions allow the study of the behavior of matter under extreme
pressure and temperature conditions. Under these conditions it is possible to observe a transition
from ordinary matter to a quark-gluon plasma (QGP) [1]. One possible tool for studying the
system formed in these collisions is the hydrodynamic model [2, 3]. The application of this model
is based on the assumption that the system reaches a state of local thermodynamic equilibrium
and in the fact that the matter formed in these collisions shows a collective behavior.

Our aim in this work is to investigate the influence of shear and bulk viscosities on elliptic flow
and HBT radii by using a hydrodynamic model with smooth initial conditions and an equation
of state based on lattice QCD with a crossover transition between the QGP and the hadron gas.
The calculations were performed for central Au+Au collisions (0-5%) with /sxy = 200 GeV in
2+1 dimensions (boost invariance).

2. Hydrodynamic Model

In the hydrodynamic model each fluid element can be characterized by its energy-momentum
tensor and other conserved numbers (baryonic number, strangeness, etc.). In this work, we
assumed that all conserved numbers are zero, so the hydrodynamic equations can be written as

0, T = 9,T"" + T, T + 1%, T' =0, (1)
where I';, are the Christoffel symbols and 7" the energy-momentum tensor given by [4, 5]
T = eul'u” — (P +II)AFY + 7. (2)

Here €, u*, P, II, 7" and A*¥ are, respectively, the energy density, the fluid four-velocity, the
pressure, the bulk viscosity, the shear viscosity tensor and the ortogonal projector to u*. We
solved Eq. (1) in Milne coordinates [4].
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The second order viscous hydrodynamic equations are calculated for both shear and bulk
viscosities, using the Israel-Stewart framework [6]
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where o*¥ = AW‘Q)\U” + A”’\ﬁ;)\u“ — %A“”(?;,\u/\ and 7, (, Tr, T are, respectively, the shear
coeficient, the bulk coeficient, the shear relaxion time, the bulk relaxion time. The relaxion
times depend on the viscous coeficiets as 7, = %g and 71 = %% [3], where T is the temperature
and s the entropy density. The n/s and (/s are parameters in our model. To perform the
hydrodynamic evolution, we also have to provide the initial conditions (IC) and the equation of
state (EoS).

When the mean free path becomes of the order of the system size, the hydrodynamic model
is no longer valid and the particles decouple by traveling in straight line to the detector. Here,
we employ the freeze-out framework [7] to calculate the decoupling by using the Cooper-Frye
formula [8]

i dN
27 prdprdydd

where N is the number of particles, pt the transverse momentum, y the rapidity, ¢ the azimuthal
angle, p# the four-momenta and dX, is the normal vector to the freeze-out surface. The
distribution function is given by f = fo + 0fx + df1, where fy is equilibrium distribution
function [7]; 6 fr and 0 fi; are the corrections for shear and bulk viscosities, respectively [3].

= [asp s, (5)

3. Numerical Results

We used IC generated by TRENTo [9]. The hydrodynamic equations were solved by using
vHLLE [4] with the s95p EoS [10], and the decoupling calculated by using THERMINATOR2
[7]. We perform simulations for ideal fluids and different scenarios of viscous fluids. In viscous
simulations we consider 1/s constant in all the hydrodynamical evolution and (/s constant in
the hadron gas phase and zero in the QGP phase [3].

3.1. Elliptic Flow

The collective behavior of the system formed in heavy ion collisions is described by the
anisotropic flow [11], where the initial spacial anisotropy is reflected in the final state of particles.
In order to calculate the anisotropic flow, we rewrite the azimuthal part in equation (5) using a
Fourier tranform as

dN >
% = 1+2n§00n005(¢_¢1&)7 (6)

where v,, are the Fourier components and vy is the reaction plane angle. Here, we calculated the
second Fourier component (vy), called elliptic flow, using the event plane method [12]. Figure
1 shows the p; dependence of vo compared with data. The result for ideal hydrodynamics is
shown in red line, the blue line is for viscous hydrodynamics with /s = 0.08 and (/s = 0.04,
magenta line is for n/s = (/s = 0.08, green line is for /s = 0.16 and (/s = 0.04, and black
squares are experimental data. We see that the ideal hydrodynamics can describe the data for
pr < 1 GeV. However, for describing the data for higher values of pr one has to include shear
effects. Also, we can see that the bulk viscosity has no significant effects on vs.
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4o Figure 1. p; dependence of ve for
charged hadrons in central Au+Au
collisions at 200 GeV. Comparison
of ideal hydrodynamics and different
viscous scenarios. Data from STAR
collaboration [13]
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3.2. HBT Interferometry

The HBT effect [15] allows measuring the space-time dimensions of the interacting region,
at freeze-out, in a high energy collision. To calculate the so-called HBT radii, we used the
correlation function defined, for a pair of pions with momentum p; and po, as

_ Pa(p1,p2)
Conp) =5, (p1)Pi(p2)’ @)

where Ps is the probability of detection of both particles simultaneously and P; is the probability
of detection of each particle individualy. We calculated the equation (7) using the Monte Carlo
approach implemented in THERMINATOR2 by using the Berstch-Pratt coordinates [14]. The
long coordinate is defined along the beam direction; the out coordinate is parallel to the average
transverse momentum of the pair (K = (p| + p2)/2) and the side coordinate is orthogonal to
both long and out. We fitted the correlation function using a Gaussian function

2 2 2 2 2 2
C=1+ )\exp {_RothOut - Rsideride - Rlonngong}’ (8)

where ¢ = p1 — po is the relative four-momentum of the pair in out, side and long directions
and A is the chaoticity parameter. Figure 2 shows Kr dependence of Rout, Rside, Riong and
Rout/ Rsige for hydrodynamic simulations compared with data. The red-dashed line is the result
for ideal hydrodynamics; the blue-dashed line is for viscous hydrodynamics with /s = 0.08
and (/s = 0.04; the magenta-dashed line is for /s = (/s = 0.08; the green-dashed line from
n/s = 0.16 and (/s = 0.04; black squares are experimental data. Although our results fail to
reproduce the experimental data for Ry, Rgige, and Rjong, we can see no influence of bulk
viscosity in HBT radii, analogously to v results. We also have a better agreement with data
for Rout/Rside when we increase the shear coeficient n/s.

4. Conclusions and Perspectives

In summary, we have used the hydrodynamic model in 2+1 dimensions for both ideal and
viscous cases to calculate vo and HBT radii. We have shown that the effect of bulk viscosity is to
small for both observables in central collisions. However, the inclusion of shear viscosity brings
a better agreement with data for ve in higher p; and for the ratio Ryy:/Rsige- A more detailed
study about the influence of dissipative effects can be found in [17]. Some improvements to
this work can be made in the future: it includes hydrodynamic simulations in 34+1 dimensions,
event-by-event initial conditions, viscous dependence on temperature.
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Figure 2. K dependence of HBT radii for charged pions in the Bertsch-Pratt system R,y (top
left), Rgige (top right), Riong (bottow left) and the ratio Rou:/Rside (bottow right) for central
Au+Au collisions at 200 GeV. Data from STAR collaboration [16].
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