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10. Hydrodynamic analysis of anisotropic transverse flow at RHIC
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abstract: By using a (3+l)-dimensional relativistic hydrodynamic model, we estimate the magnitude of (dif-
ferential) elliptic flow parameter v% at the BNL-RHIC energy. We compare the centrality and the transverse
momentum dependence of «2 with the experimental data observed by the STAR Collaboration.

The main goals in the physics of relativistic heavy-ion collisions are not only the discovery of a
new state of deconfined nuclear matter, the quark-gluon plasma (QGP), but also the investigation of
thermodynamical aspects of its new phase, i.e., the equation of state (EOS), the order of phase transition
between the QGP phase and the hadron phase, or the critical temperature [1, 2]. Since the pressure
gradient perpendicular to the collision axis causes various transverse collective flow, such as radial flow,
directed flow and elliptic flow, these flows observed in the final state are expected to carry the information
about the EOS [3]. Elliptic flow especially is believed to be one of the powerful tools to investigate the
nuclear equation of state and the degree of thermalization. Elliptic flow is characterized by the second
Fourier coefficient of the azimuthal distribution [4]:

/cos 2</>£'—dp3
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It has been measured in relativistic heavy-ion collisions at various energies. At the BNL Relativistic
Heavy-Ion Collider (RHIC), the STAR Collaboration recently observed the transverse momentum and
the centrality dependence of v% [5]. In this paper, we quantitatively analyze these data by making use of
a relativistic hydrodynamic model and show our preliminary results.

Some groups have already analyzed these data by using a two-dimensional hydrodynamic model
[6, 7]. They assume the longitudinal flow can be described by Bjorken's solution [8] and numerically solve
hydrodynamic equations only in the transverse plane. Under this assumption, all physical quantities does
not depend on rapidity. On the other hand, the physical quantities actually depend on the rapidity even
at the RHIC energy. Therefore fully three-dimensional hydrodynamic simulations are indispensable for
a comprehensive understanding of the expansion stage of heavy-ion collisions and the phase transition of
nuclear matter. Our 3-D hydrodynamic model shown in Ref. [9, 10] is suited for this purpose.

Relativistic hydrodynamic equations represent (local) energy and momentum conservations

d^T^ix) = 0, (2)

and baryon density conservation

d^ix) =0 , n% = nBu». (3)

For a perfect fluid, the energy-momentum tensor T7"' is written by

T^ = (E + P^u" - Pg"". (4)

Here E, P, ns and u1* are, respectively, energy density, pressure, baryon density and four-velocity.
It is needed to specify the EOS of nuclear matter in order to solve the hydrodynamic equations (2)

and (3) numerically. We employ a model EOS with first-order phase transition between the QGP phase
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and the hadron phase. The QGP phase is assumed to be composed of massless and free u, d, s quarks and
gluons. We adopted a resonance gas model with an exclude volume correction for the hadron phase. One
can construct a model EOS with first order phase transition on prescription of Gibbs' phase equilibrium
condition, TQGP = Thad, ^QGP = A*had and PQGP = -Hiad- For further details on the EOS used in this
work, see Ref. [11].

Initial conditions in the hydrodynamic model are chosen so that we can reproduce the experimental
data of single particle spectra. We use the Cooper-Frye prescription [12] in order to transfer from the
hydrodynamic picture to the particle picture. We suppose the hydrodynamic picture is valid above the
freeze-out energy density Ef. Below Ef, the particle picture is rather adequate and the observed spectra
reflect the momentum distribution on the freeze-out hypersurface E. The Cooper-Frye formula [12] is
written by

(5)
dp3 (2TT)3 JE exp{'ip"uv(x) — n(x)]/T(x)} ± 1

Here g represents the degree of freedom for hadrons under consideration. Numerical results of hydrody-
namic simulations are reflected through T(x), fj.{x), MM(X) and da^(x). The Cooper-Frye formula is used
for particles directly emitted from freeze-out hypersurface. On the other hand, particles feeding from
resonances also contribute to the spectra. The contribution from resonance decays plays an important
role in understanding the flow phenomena because the resonance decays dilutes the observed elliptic flow
owing to decay kinematics [9]. Detailed description to obtain the contribution from resonance decays
within our hydrodynamic model are represented in Ref. [10].

We chose initial conditions in this paper so as to reproduce the multiplicity of charged particles at
midrapidity. Usually, we use the (pseudo)rapidity distribution to fix the longitudinal profile and the
magnitude of energy density at the initial time, and the transverse mass (or momentum) distribution
to fix the freeze-out energy density (or temperature). The available experimental data at the RHIC
energy are rather limited, so we can say that our tuning of initial conditions is at a rough estimate.1 It
should be noted that tuning of initial conditions is very important in discussing flow phenomena because
hydrodynamic models have a little prediction power in comparison with microscopic transport models.

The impact parameter which we chose for central collisions is 2.5 fm. At the initial time U = 1.0
fm, the energy density and the baryon density at the origin are, respectively, 15 GeV/fm3 and 0.135
fm~3. Longitudinal density profile at the initial time can be represented by Bjorken's solution with a
cut near the light cone in order to make the total energy finite; While transverse density profile at the
initial time is supposed to be in proportion to the number of wounded nucleons at the transverse area.
For nuclear density distribution, we use a standard Woods-Saxon distribution for a gold nucleus. Initial
transverse flow is assumed to vanish. The freeze-out energy density Ef can be chosen 132 MeV/fm3,
which corresponds to the freeze-out temperature 140 MeV at the zero baryon density. The resultant
pseudorapidity density for charged particles becomes 620, where we take account of direct 7r, K, p
and p, and those feeding from p, K*, u> and A. On the other hand, observed experimental data show
dNch/dri | |,|<i= 555±35(syst.) for 6 % central events (PHOBOS) [13] and dNch/d-q \v=0= 622±41(syst.)
(PHENIX) for 5 % central events [14]. By changing the impact parameter and unchanging the other
parameters, we can easily obtain the initial conditions for non-central collisions. We calculate vi for
various impact parameters and compare these results with experimental data observed by the STAR
Collaboration [5]. We choose impact parameters as 2.5, 5.0, 7.5, 10.0 or 12.5 fm. Figure 1 shows the
centrality dependence of V2 for charged pions. We average «2 over | r\ |< 1.3 and 0.1 < pt < 2.0
GeV. Horizontal axis shows the normalized multiplicity of charged particles. The normalization factor
is the maximum value of the multiplicity. We should be careful when one compare the hydrodynamic
results with the experimental data through the dependence on the normalized multiplicity. Results
obtained from hydrodynamics usually show mean values, not including fluctuations; while experimental
data always contain fluctuations. This means that nmax obtained by the experimental group is always
larger than the one from hydrodynamics.2 Taking account of this fact, our results are slightly shifted
to the left direction and could be reasonable agreement with experimental data from central (b ~ 0 fm)
to semi-central (b ~ 8 fm). Other relevant quantity like the impact parameter would be very welcome

JAt present, there are a large number of preliminary data at the RHIC energy and these data were presented at the
international conference of Quark Matter 2001[l}.

2The authors of Ref. [7] took into account this fact and scaled n^/rimax by a factor 0.95.
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Figure 1: Centrality dependence of «2- Experimental data are represented by plots with errorbars. Our
results are V2 of charged pions for various impact parameters, 2.5, 5.0, 7.5, 10.0 and 12.5 fm.
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Figure 2: Transverse momentum dependence of V2- Experimental data corresponds to the minimum bias
events. Solid curves represents v%(pt) charged pions for various impact parameters. 2.5, 5.0, 7.5, 10.0
and 12.5 fm.

when discussing the centrality dependence of elliptic flow. Figure 2 shows V2 as functions of transverse
momentum pt for charged pions. Experimental data, which corresponds to the minimum bias events, are
represented by plots with errorbars. Our results for each impact parameters are represented by lines.
Results from hydrodynamics are all rising linearly as functions of pt in this region. Experimental data
also show linear dependence with respect to pt below 1.4 GeV.

In summary, we calculate the magnitude of (differential) elliptic flow V2 for various impact parameters
at the BNL RHIC energy by using the fully 3-D relativistic hydrodynamic model. Our results are
consistent with the previous analyses in Refa. [6, 7].

In this paper, we rely on the wounded nucleon scaling for initial conditions in non-central collisions.
Recently Kolb et al. [15] discuss the initial transverse profile dependence of the multiplicity and the
elliptic flow. The energy density profile based on the binary collisions rather than the wounded nucleon
parametrization seems to be compatible with the experimental data of charged particle multiplicity per
participants. On the other hand, the elliptic flow is not so sensitive to the parametrization scheme. If
we change the initial transverse parametrization, our results for the elliptic flow will not be changed
significantly.

Since we reproduce the multiplicity only near midrapidity, our tuning of initial parameters at the
present paper is not proper to discuss the rapidity dependence of elliptic flow. The freeze-out parameter
also should be chosen properly so that we reproduce mt spectra for hadrons. In addition to the elliptic
flow, the directed flow as a function of rapidity will be interesting in understanding the space-time
evolution of hot nuclear matter. These analyses are in progress and the results will be shown elsewhere.
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