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Excitation function of nucleon and pion elliptic flow in relativistic heavy-ion collisions
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Within a relativistic transport model for heavy-ion collisions, we show that the recently observed charac-
teristic change from out-of-plane to in-plane elliptic flow of protons in midcentral Au1Au collisions as the
incident energy increases is consistent with the calculated results using a stiff nuclear equation of state (K
5380 MeV). We have also studied the elliptical flow of pions and the transverse momentum dependence of
both the nucleon and pion elliptic flow in order to gain further insight about collision dynamics.
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The elliptic flow of hadrons in relativistic heavy-ion co
lisions has been a subject of great interest as it may re
the signatures of possible quark-gluon plasma~QGP! phase
transitions in these collisions~see Ref.@1# for a recent re-
view!. Based on kinematical and geometrical considerati
of relativistic heavy-ion collisions, Ollitrault@2# predicted
that as the incident energy increases nucleons would ch
from an out-of-plane elliptical flow to an in-plane one. Su
a transition has recently been observed in collisions of he
ions from the alternating gradient synchrotron~AGS! at the
Brookhaven National Laboratory@3–5#. Data from the EOS,
E895, and E877 collaborations on the proton elliptic flow
midcentral Au1Au collisions show that the beam energ
(Etr) at which the elliptical flow changes sign is about
GeV/nucleon@4,5#. Studies based on transport models ha
indicated that the value forEtr depends on the nuclear equ
tion of state~EOS! at high densities@6,7#. Using a relativistic
Boltzmann-equation model~BEM!, it has been found that th
experimental data can be understood if the nuclear equa
of state used in the model is stiff (K5380 MeV) for beam
energies belowEtr but soft (K5210 MeV) for beam energie
aboveEtr @5#. Since the baryon density reached in heavy-
collisions at these energies increases with the beam ene
the above study thus suggests that the nuclear equatio
state is softened at high densities. Such a softened equ
of state may imply the onset of a phase change as sugge
by lattice studies of QCD at finite temperature and z
baryon chemical potential. However, to put this conclus
on a firm ground requires further studies using other mod
In this Rapid Communication, we shall study the elliptic
flow in heavy-ion collisions at AGS energies using a relat
istic transport~ART! model @8# and show that the experi
mental data are consistent instead with the prediction usi
stiff EOS without invoking a softening at high densities@9#.
Furthermore, we shall show that by studying both t
nucleon and pion elliptic flow as a function of beam ener
and transverse momentum one can obtain much more in
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mation about the reaction dynamics and the origin of
transition in the sign of elliptic flow.

Our study is based on the relativistic transport mo
ART for heavy-ion collisions. We refer the reader to Ref.@8#
for details of the model and its applications in studying va
ous aspects of relativistic heavy-ion collisions from Beva
to AGS energies. The elliptic flow reflects the anisotropy
the particle transverse momentum (pt) distribution at midra-
pidity, i.e., v2[^(px

22py
2)/pt

2&, where the average is take
over all particles of a given kind in all events@10#. In the
upper panel of Fig. 1, we compare the excitation function
v2 for protons in midcentral Au1Au reactions obtained us
ing the stiff ~cross!, soft ~filled square! EOS, and the cascad

FIG. 1. The excitation function of proton~upper! and pion
~lower! elliptic flow in midcentral Au1Au reactions.
©1999 The American Physical Society01-1
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~open square! with the experimental data~open circles! of
Ref. @5#. An impact parameter of 5 fm, which is consiste
with that in the data analysis@5,11#, is used in the calcula
tions. In agreement with other model calculations@6,7,12#,
our calculated results also show that the transition energ
the proton elliptic flow is very sensitive to the nuclear EO
The value ofEtr is more than 4 GeV/nucleon in the case o
stiff EOS but decreases to below 3 GeV/nucleon for a s
EOS. As discussed in Ref.@7#, a soft EOS, which gives a
smaller sound velocity than that of a stiff EOS, reduces
squeeze-out contribution and thus leads to a smaller tra
tion energy in proton elliptic flow. In the case of casca
calculations, the absence of a repulsive potential further
duces the squeeze-out contribution and results in an es
tially in-plane flow in the beam energy range conside
here. On the other hand, the value ofv2 in our calculations is
insensitive to the nuclear EOS for incident energies ab
about 6 GeV/nucleon. This is different from the results
Ref. @7#, where a distinct difference is seen between the
liptic flow due to a soft and a stiff EOS. Our results al
differ from that of Ref.@12# based on the ultrarelativisti
quantum molecular dynamics~UrQMD!, in which the ellip-
tical flow in the case of a stiff EOS is much smaller than th
from the cascade model even for incident energies abov
GeV/nucleon. However, in both our study and that from
UrQMD the experimental data are found to be consist
with the calculated results using the stiff EOS in this be
energy range. These results are thus different from tha
Ref. @5#, where calculations based on the BEM show that
experimental data suggest a softening of the EOS from a
one at low beam energies to a softer one at higher ener
Since different model calculations lead to different dep
dence of the proton elliptical flow on the nuclear EOS, it
thus not possible at present to draw conclusions from c
parisons of the theoretical results with the experimental d
To test these theoretical models, simultaneous studie
other experimental observables will be useful.

Since pions are abundantly produced in high ene
heavy-ion collisions, their elliptical flow is expected to pr
vide further insight about collision dynamics. In the low
panel of Fig. 1, we show our predictions for the excitati
function of the pion elliptic flow. All three charge states
the pion are included in the analysis. Effects due to the
ferent charges will be discussed in the next paragraph.
shown that pions also show a transition from out-of-plane
in-plane elliptic flow as the beam energy increases. Howe
both the magnitude of pion elliptic flow and the transitio
energy at which it changes sign are significantly smaller t
those for nucleons. This can be qualitatively understood fr
the collision dynamics. For nucleons, the sign and magnit
of elliptic flow depends on both transverse expansion time
participant nuclear matter and the passage time of the
colliding nuclei. The latter reflects the time scale for t
spectators to be effective in preventing the participant h
rons from developing an in-plane flow, thus enhancing
squeeze-out contribution to the elliptical flow. For pion
however, the shadowing effect due to spectator nucleon
less important as a result of the time delay in their prod
tion, i.e., a significant number of pions are emitted later
01190
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the reaction from the decay of both baryon and meson re
nances after the spectator nucleons have already mo
away. Therefore, both the magnitude of squeeze-out con
bution and the transition energy in the pion elliptic flow a
significantly smaller than those of nucleons. The study of
excitation function of both nucleon and pion flow is useful
understanding the origin of the transition from out-of-pla
to in-plane elliptic flow.

In Fig. 2, we show thept dependence of nucleon and pio
elliptic flow in a midcentral collision of Au1Au at a beam
momentum of 6 GeV/c. They are obtained from the ART
model with a soft nuclear EOS. For protons, the elliptic flo
increases approximately quardratically at lowpt and then
increases linearly at highpt , as expected from the nucleo
azimuthal angle distributions@1,13,14#. For pions, theirv2
value is larger than that for protons at lowpt but becomes
similar at high pt . Again, one can understand this resu
from the reaction dynamics. Lowpt pions are more likely
produced later in the reaction, and they are thus less likel
be shadowed by spectator nucleons and have thus a la
in-plane flow compared to lowpt protons. On the other hand
high pt pions are mainly produced early in the reaction a
thus freeze out together with highpt nucleons, leading then
to a similar elliptic flow, which approaches that of the h
drodynamical limit@14#. It is interesting to mention that the
observedpt dependence ofv2 for nucleons and pions is re
markably similar to that found at both Bevalac/SIS@13,15#
and SPS energies@16#, indicating the similarity of the colli-
sion dynamics at these different energies. We note that ne
tive pions have higher in-plane flow than the positive ones
a result of the Coulomb potential from protons, i.e., negat
pions are attracted to while positive ones are repelled aw
from the reaction plane by protons.

In summary, using a relativistic transport model we ha
found that the transition from out-of-plane to in-plane ellipt
flow in midcentral Au1Au collisions as the beam energ
increases is consistent with a stiff nuclear EOS without

FIG. 2. The transverse momentum dependence of nucleon
pion elliptic flow in the reaction of Au1Au at pbeam/A56 GeV/c
and an impact parameter of 4 fm using a soft nuclear equation
state.
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voking a phase transition. This result is consistent with t
from the UrQMD model but different from that from th
BEM. To help disentangle these different predictions,
have also shown the excitation function of the pion ellip
flow and the transverse momentum dependence of both
nucleon and pion elliptic flow, which are expected to rev
01190
t

e

he
l

interesting information about both the reaction dynamics a
the origin of the observed change in the sign of elliptic flo
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