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Current status of a study for dynamics of relativistic heavy ion col-
lisions is reported by focusing on hadronic rescattering effects on elliptic
flow. We show mass splitting behavior of differential elliptic flow for non-
strange hadrons is generated mainly during the late hadronic rescattering
stage. φ mesons which undergo less scattering due to small cross-section
do not follow mass ordering of differential elliptic flow predicted by ideal
hydrodynamics.

PACS numbers: 25.75.–q, 25.75.Nq, 12.38.Mh, 12.38.Qk

1. Introduction

Recently, it is debated whether the quark–gluon plasma (QGP) created
in relativistic heavy ion collisions at Relativistic Heavy Ion Collider (RHIC)
behaves like a perfect fluid [1]. Elliptic flow [2], which is an anisotropic mo-
mentum distribution in the azimuthal direction with respect to the reaction
plane in non-central collisions, is a key observable to study transport prop-
erties of the produced QCD matter. Ideal hydrodynamics is quite successful
in description of elliptic flow at RHIC, which leads to the press release of
the “discovery of perfect liquid” [1]. Now the paradigm of strongly cou-
pled/interacting/correlated QGP is prevailing among many fields. However,
ideal hydrodynamics fails to reproduce elliptic flow data at larger impact pa-
rameter and in forward/backward rapidity regions [3] where the multiplicity
is small. In order to understand the deviation from ideal hydrodynamics
we have developed a hybrid model [4]: The early QGP stage, including its
hadronization, is described by full 3-dimensional ideal hydrodynamics [3],
whereas, in the dilute hadronic rescattering stage, we employ a hadronic
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cascade JAM [5]. We have shown that a large fraction of these deviations
from ideal hydrodynamics is due to “late viscosity” caused by dissipative
effects in the dilute hadronic rescattering stage. In this paper, we show new
results from the hybrid model focusing our attention on a detailed investi-
gation of hadronic rescattering effects on differential elliptic flow.

2. Mass ordering

Observed mass splitting behavior of elliptic flow parameter v2 = 〈cos 2φ〉
for identified hadrons in low pT region at RHIC [7, 8] is considered as an
important evidence of perfect fluidity since its pattern is almost perfectly
reproduced by ideal hydrodynamics [6]. Here we focus on how mass ordering
of elliptic flow parameter appears during evolution of the system.

In our hybrid model simulations we switch from ideal hydrodynamics
to a hadronic cascade model at the switching temperature Tsw = 169MeV.
The subsequent hadronic rescattering cascade is modeled by JAM [5], initial-
ized with hadrons distributed according to the hydrodynamic model output,
calculated with the Cooper–Frye formula [9] along the Tsw =169MeV hyper-
surface rejecting inward-going particles.

2.1. Pions and protons

To understand the origin of the mass ordering in v2(pT), we compare in
Fig. 1 (left), for a selected impact parameter of b= 7.2 fm, the above hybrid
model result with a calculation where all hadronic rescatterings are turned
off, allowing only for decay of the unstable hadron resonances. Whereas just
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Fig. 1. Transverse momentum dependence of the elliptic flow parameter v2(pT)

at b = 7.2 fm. (Left) v2(pT) for pions and protons. Solid (dashed) lines are

with (without) hadronic rescattering. (Right) v2(pT) for pions (dotted), protons

(dashed) and φ mesons (solid).
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after hadronization the differential elliptic flow v2(pT) for pions and protons
looks very similar, the mass splitting gets strongly enhanced by hadronic
rescattering.

From these observations and our previous studies on importance of
hadronic dissipation [4, 10] we conclude that the large magnitude of the in-
tegrated v2 and the strong mass ordering of the differential v2(pT) observed
at RHIC result from a subtle interplay between perfect fluid dynamics of
the early QGP stage and dissipative dynamics of the late hadronic stage.

2.2. φ-mesons

φ mesons have considerably smaller scattering cross-sections than non-
strange hadrons [11]. They are therefore expected to show larger dissipative
effects in our hybrid model and not to fully participate in the additional
radial flow generated during the hadronic rescattering stage. The φ mesons
decouple from rest of the system earlier than other, non-strange hadrons [12],
thereby possibly opening a window to extract direct information on collective
phenomena in the partonic stage from φ-meson spectra [11].

Fig. 1 (right) shows the effects of hadronic rescattering: while the v2(pT)
curves for pions and protons separate (at low pT the pion curve moves up
while the proton curve moves down), v2(pT) for the φ meson remains almost
unchanged after its hadronization [13]. As a result of rescattering the proton

elliptic flow ends up being smaller than that of the φ meson, v
p
2
(pT)< v

φ
2
(pT)

for 0< pT < 1.2GeV/c, even though mφ > mp. Hadronic dissipative effects
are seen to be particle specific, depending on their scattering cross-sections
which couple them to the medium. The large cross-section difference be-
tween the protons and φ mesons in the hadronic rescattering phase leads to
a violation of the hydrodynamic mass ordering at low pT in the final state.

3. Conclusion

We have studied effects of hadronic dissipation on differential elliptic flow
of pions, protons and φ mesons from Au+Au collisions at RHIC, using a hy-
brid model which treats the early QGP phase macroscopically as a perfect
fluid and the late hadronic phase microscopically with a hadronic cascade.
Differential elliptic flow for φ mesons remains almost unaffected by hadronic
rescattering. The net result of dissipative hadronic rescattering is that the
differential elliptic flow v2(pT) of protons drops below that of the φ mesons,
in violation of the hydrodynamic mass-ordering.

An accurate extraction of the value for transport coefficients of the QGP
created at RHIC requires a proper accounting for effects from late hadronic
viscosity. Here, an attempt has been made to do this, by coupling the
hydrodynamic model to a hadronic cascade.
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