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Pion flow and antiflow in relativistic heavy-ion collisions
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Within the framework of a relativistic transport mod@RT 1.0) for heavy-ion collisions at AGS energies
we study the transverse flow of pions with respect to that of nucleons using two complementary approaches. It
is found that in central collisions pions develop a weak flow as a result of the flow of baryon resonances from
which they are produced. On the other hand, they have a weak antiflow in peripheral collisions due to the
shadowing of spectators. Furthermore, it is shown that both pion flow and antiflow are dominated by those with
large transverse momenta.

PACS numbgs): 25.75.Ld, 24.10.Jv, 24.10.Nz

A major highlight of recent experiments at Brookhaven’saspects of heavy-ion collisions at AGS energies. We refer the
AGS is the discovery of sideward collective flow of nucleonsreader to our previous work for more detdi&.
in reactions of Au-Au at Puear/A=10.8 GeVE [1,2]. In In order to identify signatures of pion flow or antiflow we
view of the large number of pions created in these reactiondse two complementary approaches. One is based on the
and the strong coupling between the nucleon and pion, it j@nalysis of the average transverse momentum in the reaction
interesting to know if pions also have a collective flow be-Plane as a function of rapidify], and the other is the analy-
havior and, if yes, how the pion flow is related to the nucleonsiS Of the strength of flow as a function of transverse momen-
flow. These questions have recently been addressed in efdM at a constant rapidity,8]. First, we show in Fig. 1 the
periments by the E877 Collaboration by studying the corre2V€rage transverse momentum of nucleons and pions in the
lation between pion transverse momentum distributions ijeaction plane as a function of rapldlty for bOth. cen(wallth
the reaction plane and the direction of nucleon collectivdMPact parameters di<4 fm) and periphera{with impact

flow near the projectile rapidity. In these experiments, theparameters of 8 frb=<10 fm) CO"'S'QnS' .It is seen that the
LS : : verage transverse momentum of pions is much smaller than
strength and direction of pion collective flow were measure

by examining the multiplicity ratidR of pions emitted in the hat of nucleons. This seems in agreement with the experi-

y ! . .._mental observations. However, more detailed study reveals
direction of nucleon flow over those emitted in the oppositey pions near target or projectile rapidities have a weak

direction of nucleon flow. The pion flow or antiflow is then 4y hehavior in central collisions and an antiflow behavior
characterized quantitatively by the ratid being larger or i peripheral collisions with respect to the flow direction of
smaller than one. Surprisingly, from the 13% most central,,cleons. The reason that pions flgantiflow) in central

collisions where a large strength of nucleon flow was foundperipheral collisions is due to the fact that the direction of
[3], preliminary data with relatively large errors show neither

flow nor antiflow signatures for pions. On the other hand,

theoretical calculations using RQM[] and ARC[5] have 0.15 AL
predicted the existence of pion antiflow for the minimum 0.10 F . ‘nud:;ns
biased events in AtiAu reactions. However, these calcula- 0.05F o pions
tions do not provide the much needed information about the 0.00 :
impact parameter dependence of the pion flow or antiflow in Bl
order to understand the experimental results. In this paper we 3 —0.05 :
carry out a detailed study on the pion flow and antiflow for % —0.10}
both central and peripheral collisions using two complemen- e —0.15k
tary approaches. We find that pions show a weak flow behav- & o.10f
ior in central collisions due to the flow of baryon resonances & "}
from which they are produced but a weak antiflow behavior % 0.05¢
in peripheral collisions as a result of the shadowing of spec- ¥ o.00f
tators. Moreover, it is shown that both pion flow and antiflow —0.05 3
are dominated by those with large transverse momenta. :
Our study is based on the relativistic transport —0.10¢
model (ART 1.0 developed recently for heavy- -0.15
ion collisions at AGS energies [6]. In this
model the phase space distribution functions of bary- Yiab

ons [N,A(1232) N* (1440) N* (1535)A,>] and mesons

(m,p,w,7,K) are evolved under the influence of hadron- FIG. 1. The average transverse momentum of nucleons and
hadron scatterings and also an optional mean field for barysions in the centralupper window and peripheraflower window)

ons. The model has been rather successful in studying manyllisions of Aut-Au at ppear/ A=10.8 Gev/c.
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FIG. 2. The average transverse momentum of bound and free FIG. 3. The evolution of pion multiplicities in the reactions of
pions in the centrajupper window and peripheraflower window Au;gl; al Pear/A=10.8 GeVt and impact parameters of 2 fm
collisions of AutAu at ppear/ A=10.8 Geve. an m.

the reaction of Ad-Au at ppear/ A=10.8 GeVE and impact
pion flow (or the sign of average transverse momeigaa  parameters of 2 fm and 8 fm. Because of the large pion-
result of the competition between the collective flow of nucleon cross section, pions freeze-out rather late.=20
baryon resonances and the shadowing of spectators throudfn/c, the multiplicity ratio of bound/free pions is about 40/
rescatterings and reabsorptions. In our model pions are pr@20 and 20/140 at impact parameters of 2 fm and 8 fm,
duced either directly from particle-particle collisions or from respectively. From Fig. 2 it is seen that bound pions have a
the decay of resonances. In central collisions pions are prdypical S-shaped transverse momentum distribution similar
duced throughout the whole reaction volume, and there iso those for nucleons in both central and peripheral colli-
thus little shadowing effect. If the colliding particle pairs or sions. The apparent flow behavior of bound pions is due to
baryon resonances which produce pions have a large flothe collective flow of baryon resonances from which they are
velocity, then the produced pions would also have a certaiproduced. However, free pions produced earlier either di-
flow velocity in the same direction as the nucleon as a resultectly from particle-particle collisions or from decays of
of momentum conservation. However, because of the proresonances have generally gone through several annihilation-
duction kinematics, the pion flow is much reduced. On theproduction cycles which can destroy their collectivity, and
other hand, in peripheral collisions the shadowing effectmore importantly they also have more chance to be rescat-
from the spectators dominates and therefore results in thiered by the spectators. In central collisions free pions show
apparent antifow of pions in the opposite direction ofless collectivity than bound pions, but still flow in the same
nucleon flow. We find that the transition from pion flow to direction as nucleons. In peripheral collisions, however,
antiflow occurs at an impact parameter of about 7 fm for thehese pions show a distinct antiflow behavior due to the
Au+Au reaction atpp../A= 10.8 GeVE. It is interesting shadowing of spectators. The final pion transverse momen-
to mention that the transition from pion flow to antiflow at an tum distribution therefore reflects the complicated reaction
impact parameter of about 3 fm has long been predicted atynamics of pion production, reabsorption, rescattering as
BEVALAC and/or SIS/GSI energies by several groupswell as the collective flow of baryon resonances. The study
[9-12 and has been confirmed recently by experimentf pion flow or antiflow may therefore reveal interesting in-
[13,14]. The smaller shadowing effects at AGS energies agormation about the in-medium cross sections of elementary
indicated by the smaller pion transverse momentum and processes involving pions and baryon resonances.
larger transition impact parameter at which it becomes im- Since the currently available spectrometers at the AGS do
portant is due to the fact that the spectators fly away witmot allow a complete analysis of the average transverse mo-
very large longitudinal momenta in these reactions and thumentum as a function of rapidity, a complementary approach,
have less effects on pions from the participant region as com:-e., the analysis of the pion transverse momentum spectrum
pared to heavy ion collisions at SIS/GSI energies. in the reaction plane at a fixed rapidity, has been (i8&dn

The above explanation is more clearly demonstrated irthis approach, the ratioR(p,)=(dN*/dp,)/(dN"/dp,),

Fig. 2 where contributions to the average transverse momemwhere N* (N7) is the number of particles emitted in the
tum from pions already existinree piong and pions from reaction plane in the sam@pposite direction of nucleon
the decay of baryon resonances which are still present at Xldeward flow, is examined as a function of transverse mo-
fm/c (bound piong are shown separately. We would like to mentum near the projectile rapidity. To increase the statistics
stress that the relative multiplicities of the two kinds of pionsof our analysis particles with azimuthal angles smaller than
change gradually during the reaction as shown in Fig. 3 fo20° with respect to the reaction plane and within the rapidity
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20— ] large transverse momentum pions in peripheral collisions, we
[ ] haveR(p;) <1 indicating that there is a tendency of antiflow.
It is also interesting to note that very low transverse momen-
tum pions withp,=<0.1 GeVt in peripheral collisions are
preferentially emitted in the direction of nucleon flow. From
the lower window of Fig. 2 we see that these pions are
mainly from the decay of baryon resonances after the freeze-
out. These resonances generally have light masses and simi-
lar transverse momentum distributions as nucleons. The de-
cay of these resonances therefore emits preferentially low
transverse momentum pions along the direction of nucleon
flow. Although the impact parameters of central collisions
studied here are close to those of the 13% most central
Au+Au collisions studied by the E877 Collaboration, a di-

15F
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0.5Ff

0.0 ——

Ratio

15

10F g

0'5; rect comparison of our results with the experimental data
T T requires a careful simulation of the experimental filters. Nev-
O'%,o 0.2 0.4 0.6 0.8 1.0 ertheless, our study indicates that one needs to be cautious in
P, (GeV/c) searching for pion antiflow in central heavy ion collisions.

In summary, we have studied the transverse flow of pions
ith respect to that of nucleons using two complementary
proaches. Within the framework of the relativistic trans-
port model(ART 1.0) for heavy-ion collisions at AGS ener-
gies, pions are found to have a weak flow behavior due to the
flow of baryon resonances in central collisions. In peripheral
collisions pions have instead a weak antiflow behavior as a

Doear/A=10.8 GeVE is in this rapidity bin. It is clear that result of the shadowing of spectators. Furthermore, it is

the observation oR(p;)>1 at all transverse momenta is an found that both pion flow and antiflow are dominated by
: : V\}hose with large transverse momenta. These results are ex-

gected to be useful for detailed experimental studies of pion
ow and antiflow in relativistic heavy-ion collisions.

FIG. 4. The transverse momentum dependence of the streng
R(p;) of transverse flow in the reactions of AWu at
Preary A=10.8 GeVt and impact parameters of 2 fm and 8 fm.

range ofly—2.99<0.35 are included. We note that the pro-
jectile rapidity of 3.1 for the Ad-Au reaction at

and its variation with the transverse momentum can also giv
a detailed measure of the strength of collective flow. This
approach was recently found to provide new information  We would like to thank P. Danielewicz and G.Q. Li for
about the collective flow that is complementary to that ob-helpful discussions. B.A.L. also acknowledges the kind hos-
tained from the analysis of the average transverse momeipitality extended to him by the nuclear theory group at
tum in the reaction plang8]. Michigan State University where part of this work was car-

Figure 4 shows the rati®(p;) as a function ofp; for  ried out. This work was supported in part by NSF Grant No.
pions from the central and peripheral collisions of thePHY-9212209 and the Welch Foundation Grant No. A-1110.
Au+Au reaction atppe,/A=10.8 GeVE. The solid lines The support of C.M.K. by a Humboldt Research Award is
are drawn to guide the eyes. In central collisions, there is also gratefully acknowledged, and he would like to thank
clear tendency of pion flow in the same direction as nucleongllrich Mosel of the University of Giessen for the warm hos-
if their transverse momenta are larger than 0.2 GeVHor  pitality.
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