RAPID COMMUNICATIONS

PHYSICAL REVIEW C VOLUME 55, NUMBER 5 MAY 1997

Transverse flow at ultrarelativistic energies
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Within the framework of a phenomenological hydrodynamical model, the relationship of the freeze-out
temperature parametdi and the transverse flow velocity, is discussed. It is found that the experimental
single-particle distributions are not very sensitive to the exact form of the assumed velocity profile, but that
there is a definite anticorrelation betwe€pand the average, . [S0556-28187)50505-X]

PACS numbdps): 25.75.Ld, 24.10.Nz

Hydrodynamical models have been successful in describphase-space density profile that carries the important infor-
ing the space-time evolution of heavy-ion collisions from mation of collision dynamics, we hope to learn whether the
energies of a few hundred MeV per nucleon at the LBLone-particle transverse momentum distributions are sensitive
Bevelac and GSI SIS to ultrarelativistic energies of a fewto the velocity profile, and therefore to the phase-space den-
tens and hundreds of GeV per nucleon at the BNL AGS an@ity profile!

CERN SPY1-9]. The experimentally measured transverse Recent results on one-particle transverse momentum spec-
momentum distribution§9—12] are well reproduced by hy- tra of heavy-ion collisions at the CERN SPS energies can be
drodynamical calculations in which the collective degrees ofound in Refs[10-12. The transverse momentum distribu-
freedom, such as the freeze-out temperature and transveré@n inverse slope parameters as a function of particle mass
velocity are unambiguously identified. In addition, in two- are summarized in Fig. 2 of Reff10] for three symmetric
particle interferometry analysis, the hydrodynamical behavcolliding systems. In each case, we used only data that were
ior that was predicted by several theory grofip8—15 has  close to midrapidityy. »~3. The common feature in these
also been observed in experiments NAR®| and NA44  spectra is that the inverse slope parameter increases with
[17]. particle mass. Since transverse collective flow leads to larger

A distinct advantage of hydrodynamical approaches liedncreases in the inverse slope parameter for larger mass par-
in their universality. The macroscopic characteristics of hy-ticles, such an observed increasing suggests that transverse
drodynamical systems are independent of the underlying kiflow may have developed in heavy-ion collisions. In addi-
nematics that led to the assumed local equilibrium. For thigion, as can be seen in the figure, the dependence is even
reason, the incredibly complex systems formed by heavy-iogtronger for heavier incoming nuclei. Note that the absence
collisions can be reasonably well described by using just &f a mass dependence - p collisions almost certainly
few hydrodynamical parameters. indicates the absence of collective flow in those systems.

A disadvantage of hydrodynamics, however, is that quan- According to the phenomenological hydro model pre-
tities that are not directly measurable, such as energy densigented ir{8], the invariant cross section can be expressed as
pe. pressureP, velocity fieldsv*, etc., must be used as the )
inputs. Measurable quantities, like one-particle momentum?® d_Nochmaxr dr m-l (stmho) (mTCOSh’) i
distributions and two-particle correlation functions, are thenmy dmy  Jo T ! T '
straightforwardly calculated. Quantitative comparisons of
these predicted distributions with experimentally measureavhere 15, K; are modified Bessel functions ang
ones often lead to better sets of inputs for the model calcu=tanh v, (r). HereT; andm;= \/pT2+ m? are the freeze-out
lations. In this way, some understanding, at least within theemperature and the transverse mass of the particle. The
language of the model, is thus attained. transverse velocity profile, is parametrized by the surface

In this paper, we use a phenomenological hydrodynamiwelocity v, max:
model[ 8] with several velocity profiles to fit the one-particle
transverse momentum spectra of pions, kaons, and protons U1 (rN=v1 malrRmad® 2
measured from both 200 GeV/lc S+S and 158 GeVic ) ) ] )

Pb+Pb central collision§12]. Since the velocity profile that In Fig. 1(a), velocity profiles are shown wita=0.5, 1, and
we use as input is ultimately connected with the practice2- Velocity profiles extracted from the transport model

*Present address: Physics Institute, Heidelberg University, Philos-10nly midrapidity one-particle transverse momentum distributions

ophenweg 12, D-69120 Heidelberg, Germany. [12] are used in this study. However, this approach is rather general
"Present address: MS 50A-1148, LBNL, 1 Cyclotron Road, Ber-and it does not depend on any specific data set as long as the
keley, CA 94720. Electronic address: NXu@Ibl.gov analysis is self-consistent.
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Since the data can be fit equally well by each of the four
transverse flow profiles discussed above, it is impossible to
rule out any of these four strictly on the basis of shape of the
one-particle distribution data. Moreover, for any given flow
profile, the fitting procedure does not result in a single best
temperature and flow velocity, rather they identify accept-
able ranges in both of these quantities. However, higher tem-

. peratures imply lower flow velocities and vice versa. Note

20 0 5 10 15 20 that only light particle(pions, kaons, and protondistribu-
Transverse Radius (fm) tions are used in this study. It has been pointed out in Ref.
[20] that the heavy clusters could be sensitive to the velocity

FIG. 1. Transverse flow velocity profiles(@ v, (r) profile. A similar analysis, with a Iine.ar flow veI(_)city p.rofile
=0, ma{T/Rman® @=0.5, 1, and 2{b) extracted from the micro- only, has been performefR1] for pion, kaon (including
scopic transport model RQM[L8,19. KS), proton, andA particles measured in the NA49 experi-

ment[22,23. The study leads to the freeze-out temperature
RQMD (v1.08 [18,19 are shown in Fig. (b).? The param- and averaged flow velocity to b&=120 MeV andv$"
etrization of the RQMD velocity profile is =0.4%, respectively. This is in agreement with our result
although we could not identify a unique minimum in the
U max temperature and collective flow velocity map.
vL:l+exp:—a/(r—b)]’ (3) This relationship betweefi; andv, can be made more
general by looking at average flow velocities rather than
where the parameters af@=0.87, b=3.7) and (a=0.6, maximum flow velocities. The first three flow profiles are
b=6.5 for S+S and Pb-Pb collisions, respectively. For defined by Eq(2). The most naive way to take an average of
each velocity profile, one-partice; distributions can be cal- v, (r) is to look strictly at the transverse geometry of the
culated as a function of; andv, ma. Theoretical distribu- models and define
tions for pions, kaons, and protons can then be compared to
experimental data, and an overgfl for simultaneous fits to
these particles can be constructedontour maps of? as a (v,)=
function of T; andv | naare shown in Fig. 2, where the top vi/= [Fmordr
panel is for the $S and the bottom is for the PiPb colli-
sions. Figures @)—2(d) represent the results using velocity
profiles of Eq.(2) with «=0.5, 1, 2, and of RQMD, respec- A more sophisticated averaging can be achieved by incor-
tively. The valley in each plot indicates the most probableporating not only the transverse geometry but also the phase-
combination ofTs andv, . space density of particles at a given radius:

Flow velocity (c)

Fom=r dr v (1) ( 2

= 2+Q)UL,max- (4)

< Jd?p, famr dr v, (1)1o(y. (Mo, (r)p. TOK(y, (r)m, /Ty)
b )=
. Jd2p, fEmr dr 1o(y, (Mo, (r)py ITOK(y, (r)m, /Ty

(5

According to this definition(v, )/v, max is actually a flow velocities of each of the reactions considered. Namely,
function of Ty andv; max. However for the values of these for temperatures within the range 100 MeV;<150 MeV,
parameters that best fit the data, )/v, nax can be well we have
approximated by the constants 0i82%, 0.70:5%, and
0.60+10% for @=0.5, 1, and 2, respectively. Notice that for
small values ofa, the native geometrical average of Ed) for S+S:  (v,)/c=0.72-0.0026<T/MeV,
is almost identical to the more sophisticated average of Eq.  for Pp+Pb: (v, )/c=0.77-0.0035< T/MeV. (6)

(5), but that the difference between these averages becomes
more pronounced as gets larger.

Based on the best fits to the one-particle distribution data, For example, if other data or considerati¢8$led one to
it is now possible to write down explicit relationships be- expect a freeze-out temperature of 140 Methen the data
tween the freeze-out temperatures and average transversensidered here would identify average flow velocities for

S+S and PB-Pb of roughly 0.28 and 0.4t, respectively.

20nly particles within the rapidity windowy — 3|<1 were used
in constructing the profile. “4From inspection of Fig. 2 of Ref10], one might conclude that
3To avoid the influence of resonance decays, the pion fits start dhe inverse slopes converge to a value near pion mass at the limit of
my—mass=250 MeV [10]. Otherwise, all fits start from zero. light particle masg$24].
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FIG. 2. y2 fitting maps of surfacémaximun) transverse flow velocity vs temperatuftap panel Pb+Pb collisionsybottom panélS+S
collisions. Labelqa), (b), and(c) are for@=0.5, 1, and 2 of Eq(2), and(d) is for the RQMD velocity profildsee Fig. 1 The minimum
x¥?/Npg in each of the plots is between 1.0 and 3.0.

Perhaps the most promising avenue for pinning dowrused in hydrodynamical calculations becomes unnecessary,
temperatures and flow velocities from the ranges giverthus avoiding the problematic model dependei2®29 of
above is by studying two-particle correlations in conjunctionthe sharp transition from strongly interacting hydrodynami-
with one-particle distributions. This point has been discussedal matter to free streaming hadrons. The drawbacks of using
earlier in Refs[15,25. Analytical modeld26,27] similarto 3 microscopic model like RQMD, however, are that many
those discussed in this paper show that the dependence of thgyss sectionésome of them not measuneare used and that
“side” radius on the average transverse momentum of th@he calculation itself can be very massive. Moreover, it is not
pair is governed by the parametdu ()*/T).° In this case, giways straightforward to grasp the essentials from the cal-
measurement of that parameter combined with(Bgwould  ated results.

be enough to unambiguously determine bothand(v ). Note that the fireball produced in heavy-ion collisions

Using a transport model, e.g., RQMD, it |s.also pOSSIbIecontains a finite number of particles within a limited volume
to evaluate the average transverse flow velocity:

for a limited amount of time. Since many hydrodynamic for-

Ro mulas are derived for systems where the mean free path of a

(vﬁzf n(ryv, (r)dr, (7) particle is much smaller than the characteristic size of the
0 system, one should keep in mind that there are many features

wheren(r) is the normalized particle density distribution at of hadronic fireballs that are not well described by hydrody-

f t anR.= 20 and 25? for S.S é’ PE-Pb col namics. Nevertheless, hydrodynamic parameters can be very
reeze-out andip= 2L anc m tor an Co yseful for providing a global view of the dynamics of these
lisions, respectively. While the local temperatuf@s] are

found to be 140 MeV for both colliding systems, the overaIICOI:flgEfﬁmary using a hydrodynamical model, we have
gvAfear:ag]]ce tsrinss;verzepgf)l\;vb velomtlet; ?fei?h:. 0.31c Ita_nd_ studied the relationship between freeze-out temperalyre
j or and , TESpectively. ThiS Tesultls I o4 yransverse flow velocity, from one-particlepy distri-
good agreement with thg above t_hermal '.“Ode' analysis. utions of both S-S and PB-Pb collisions at CERN SPS
h ;rh? a;gv?ntﬁ\ge d of uilntg na rg'(;LOSCOP'Cn;“?FipO? trr?or?sgpergies. The best fits to the data show a strong anticorrela-
ere 1S that one does not nee € assumption of thermg, | betweenT; and(v, ), which appears to be more or less
equilibrium. A large amount of secondary scattering guaran-

tees the thermalization of hadrons from heavy-ion collision Independent of the particular velocity profile used. Although

She best values fofy and(v, ) cannot be determined from
[18,28. Furthermore, the narrow freeze-out hypersurfaceone—particle distributions alone, combined fits to one- and

two-particle distributions may aid in clearing up this ambi-

uity.
50n the other hand, in Ref§15,25, the authors speculate that guity
suchm; dependence in the “side” radius is connected to the tem-  One of the authoréN.X.) wishes to thank Dr. M. Prakash,

perature profile of the fireball. Dr. B. Schlei, and Dr. H. Sorge for many useful discussions.
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