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Collective global dynamics in Au+Au collisions at the BNL AGS
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Signatures of collective effects are studied in the quark gluon string model and in the Buid dy-
namical model for Au+Au collisions at 11.6A GeV/c. In the Quid dynamical model the dependence
of observables on the quark-gluon plamsa (QGP) formation in the equation of state is pointed out
although the maximal total amount of pure QGP formed is only about 8 fm in these reactions. In
contrast to the baryon rapidity distribution, the in-plane transverse Bow and especially the squeeze-
out effect are particularly sensitive to the EOS. In the QGSM the lifetime and extent of baryon
density in strings are studied. The QGSM picture is very similar to the one obtained in the Quid

dynamical model with a pure hadronic EOS.
PACS number(s): 24.85.+p, 25.75.+r, 13.85.—t, 21.65.+f

I. INTRODUCTION

In most reaction models of relativistic heavy ion col-
lisions where a nrst-order phase transition to the quark-
gluon plasma (QGP) is considered, it is assumed that
the phase transition is rapid compared to the dynam-
ics of compression or expansion, and consequently in-
stantaneous phase equilibrium is assumed to be present.
This assumption leads to a mixed phase according to the
Maxwell construction, which decreases the pressure in
a large domain of the phase space even if only a small
amount of QGP is present. Thus even a small impurity
of QGP in the matter can lead to a significant change of
the equation of state (EOS). Recent explicit calculations
of QGP-hadronic matter transition in the framework of
homogeneous nucleation theory [1, 2] indicate that the
dynamical hadronization picture is not far &om the ide-
alized Maxwell scenario. This assumption is generally
used in three-dimensional fluid dynamical models where
the phase transition to a QGP is taken into account [3—7].

In string models QGP formation is not considered di-
rectly, but intermediate nonhadronic objects, strings, are
formed. These absorb an essential part of energy and
baryon charge during the initial stages of the reaction.
As pointed out earlier [3], the string density may become
very large, so that string-string interactions in principle
should not be neglected. Comparison of string model
predictions with experiments indicates that an accurate
description of massive strange baryons is possible only
if string-string fusion, string-rope formation, or di-string
formation are considered. The formation of such large
nonhadronic objects is necessary to provide sufBcient en-

ergy for massive baryon formation. The dense soup of
interacting and partly fused strings can be considered as
a nonequilibrated precursor of the quark-gluon plasma.
The actual EOS of such string models has not been eval-
uated so far.

In the present work fluid dynamical model calculations
are presented and discussed for AGS reactions. The va-

lidity of the results is analyzed by comparing them to
quark gluon string model (QGSM) [3] calculations, where
most of the assumptions of perfect fluid dynamics are
not present. The Monte Carlo version of the QGSM de-
scribes experimental data [8] quite well [5], and it has
been used as a tool to study detailed microscopic pro-
cesses. The fluid dynamical model, on the other hand,
enables us to determine which observable quantities are
the most sensitive to the underlying EOS in the collision.

II. COLLECTIVE REACTION DYNAMICS

Let us first demonstrate the ffow patterns in central
reactions for Au+Au at 11.6A GeV/c in the ffuid dy-
namical model with two equations of state, one with pure
hadronic matter and the other including a strong first-
order phase transition to QGP [3]. If a QGP is present
in the EOS the fluid dynamical model predicts the for-
mation of a region containing pure QGP. The maximum
center-of-mass volume of pure QGP produced in central
collisions is only 8 fms, i.e., about 1% of the total Lorentz
contracted precollision volume of the system. This can
be compared to 50 fm in Pb+Pb reactions at 16QA GeV,
which is one-fourth of the initial volume of the system.
Thus the amount of QGP at AGS energies is unlikely to
be sufficient to provide any direct QCD signal like J/@
suppression or in di-lepton emission. However, as we will

see, the secondary changes due to the softness of the QGP
EOS may still be detectable.

The average baryon density increases to 10 (7) no
(where no is the normal nuclear density) during a cen-
tral Au+Au collision with a QGP (hadronic) EOS. The
central baryon density is 14 (9) no in the same collision,
while with increasing impact parameter, b/b „,the cen-
tral density decreases and above b/b = 0.5 the cen-
tral density does not depend on the EOS, i.e., the ef-
fect of a QGP is not manifested in peripheral collisions
(b = 2Ba„= 2 x 6.7 fm). In central collisions the
break-up time is around 10—12 (7—8) fm/c, respectively,
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FIG. 3. Time development of the number of different

hadronic species according to the QGSM for three different

impact parameters, b = 1 fm (full curve), 3 fm (dashed), snd
10 fm (dotted).

FIG. 5. Contour plots of the proton rapidity distribution
calculated in the QGSM for nearly central (b = 3 fm) Au+Au
collisions at 11.6A GeV/c as a function of time for formed

(upper plot) (dN//dY = 10, 20, 30, 40, 50, snd 60) snd for
nonformed protons (lower) (dN/dY = 1, 2.5, 5, 7.5, snd 9)
inside nonhadronized strings.

distribution is larger (see Fig. 4). This enhanced longi-

tudinal motion is a clear consequence of the fact that at
the stage of maximum compression, the matter described

by the QGP EOS is more compressed, which results in

a more elongated shape for the compressed matter; con-

sequently, the pressure gradients initially accelerate the
system longitudinally, while the transverse expansion is

reduced. We can also observe that while the increase of
longitudinal motion is smooth and gradual in the case of
hadronic matter (Fig. 5, upper), for the QGP the ex-

pansion is initially slow and it suddenly becomes rapid

when the hadxonization is completed and the matter is in
the pure hadronic phase, around t = 6 —8 fm/c (Fig. 5,
lower). By this time in the case of the hadronic EOS the
longitudinal expansion is fully saturated. The width of
the proton rapidity distribution at &eezeout is the same
as observed experimentally [5).

In the QGSM the rapidity distributions of protons and
negatives indicate similarly strong stopping [5) and the
rapidity distribution peaks at dN~/dY —80, in good
agreement with experimental data [8]. The spectra are
even more peaked than in the fluid dynamical model (see
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FIG. 4. Contour plots of the proton rapidity distribu-
tion calculated in the Suid dynamical model for nearly cen-
tral (b/b „=0.2) Au+Au collisions at 11.6A GeV/c as a
function of time for a hadronic (upper) snd a QGP (lower)
EOS. The increment between two neighboring contour lines
is A(de/dY) = 25.
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FIG. 6. Diagonal elements of the momentum How ten-
sor, F~ = P „p~p~, in the direction of reaction plane (x)
and in the squeeze-out direction (y) as a function of time.
The quantity is normalized to the initial value of the longi-
tudinal component: f~ :—F~/F (t = 0), for .s nearly central
(b/b „=0.2) Au+Au collision at 11.6A GeV/c for hsdronic
(full curves) and QGP (dashed curves) EOSs.
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Fig. 4). The rapidity distribution of nonformed baryons
(nonhadronized strings) may be considered as a precur-
sor to a QGP or to a mixed phase. Its time extent is
short, 3—4 fm/c only, but its extent in rapidity is much
wider than the width of the rapidity distribution of the
dense region in the fluid dynamical model with a QGP
EOS (Fig. 5). The target and projectile spectators (not
shown) maintain their rapidities; however, their abun-
dance decreases rapidly and it reaches one-tenth of the
original volume by t =7 fm/c.

III. COLLECTIVE FLOW IN TRANSVERSE
DIRECTIONS

In the fiuid dynamical model the average transverse
momentum for baryons, ( pt/A ), is about 1.3 GeV/c
at all rapidities. It does not depend strongly on the EOS,
the difFerence being about 10%. The pion pi and rapid-
ity distribution are even less of a phase transition sig-
nal, because in the Quid dynamical model we consider
thermal pions at their breakup only. The anal pion dis-
tribution depends very strongly on the selected breakup
time. This is because of the extremely strong tempera-
ture dependence of the multiplicity and of the thermal
pion spectra. In the QGSM the average transverse How

for baryons does not have a strong rapidity dependence
either, but it is much smaller than in the fluid dynamical
model (about 0.5 GeV/c). The difference between the
Huid dynamical model and QGSM predictions of (p, /A)
(as well as (p /A)) can arise for many reasons, one of
which is the absence of viscosity in the fluid dynamical
model.

A. Momentum How tensor

It should not surprise us that the collective Quid dy-
namical efFects are exhibited much more clearly at small

impact parameters than for peripheral reactions. We
have studied the Au+Au reaction at b/b „=0.2. We
can characterize the collective How in the j = x (trans-
verse direction in the reaction plane), y (out of plane),
and z (beam) directions by Fz ——g„&&,p~p~.

In the direction of the reaction plane the diagonal el-
ement of the momentum How tensor, F, is about 25%
larger for the hadronic EOS at its maximum than for the
QGP EOS (see Fig. 6). The strongest and most clearly
observable sign of the difFerent EOS can be seen in the
squeezeout (y-) direction where the How F„ is more than
50% larger for the hadronic EOS than for QGP EOS.
As shown in Fig. 6 it is most illustrative to present the
components of the momentum flow tensor, F~, in rela-
tion to the precollision value of the longitudinal flow, i.e. ,

f~ = Fz/F, (t = 0). For the hadronic EOS there is no es-
sential difference between F and F„, while for a QGP
the difFerence is quite substantial. The saturation of the
transverse expansion is also observably delayed compared
to the longitudinal direction, and the delay is the largest
in the squeezeout direction.

The longitudinal flow initially decreases strongly; in
central collisions at the maximum compression it is only
about 10% of the initial value, then it rises back to about
30—

40%%uo depending on the EOS [9]. At b/b „=0.2, as
shown in Fig. 8, the external regions maintain their lon-
gitudinal momentum during the whole collision, so that
F, decreases to about 30—35% of the initial value only.
The pressure then reaccelerates the material in the longi-
tudinal direction. In case of a QGP the compressed stage
is much more elongated or prolate in the transverse di-
rection, and this results in an expansion which is much
more directed into the beam direction. Thus, by the time
the 6nal asymptotic value is obtained, the beam-directed
component of the momentum flow tensor is almost 10%%uo

larger for a QGP than for a hadronic EOS.
In the QGSM we also evaluated the diagonal elements
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of the momentum flow tensor, E~ = g ~„&„pzp~, where

p p = (p . b)2/(b . b), and p„p„= pi2 —p2, for all
particles, including nucleons of nuclei, formed and non-
forxned baryons, and mesons for central and peripheral
(b = 3 and 10 fm) Au+Au collisions (Fig. 7). The tiine-
development picture for E~ differs for central and periph-
eral collisions.

The longitudinal and transverse components of the mo-
mentum Qow tensor for the original nucleons changes
much slower in peripheral than in central collisions. This
is connected to a tenfold increase in the nuxnber of colli-
sions and produced particles (see Fig. 7). Baryons start
to form earlier than xnesons because of the large number
of spectators that can interact again immediately after
the prixnary collision. The transverse components of the
momentum Qow of formed baryons grow very quickly,
then decrease soxnewhat and start to grow again around
t = 7—8 fm/c in central collisions. This happens be-
cause of the combined effect of leading baryons formed
immediately after the primary interaction and nonformed
particles which carry away a part of the initial momen-
tum during the first 2—7 fm/c, but then transfer it to the
forxned baryons.

In the QGSM there is no visible difFerence between the
and F„c omp one nt sof momentum transverse How for

all impact paraxneters.

B. Transverse flow analysis

The transverse How analysis for protons, (p /A), is
also a sensitive indicator of the EOS according to the
Quid dynamical model. The quantity (p /A) is much
smaller than (pq/A) 1.3 GeV/c. For the Au+Au, 11.6A
GeV/c reaction the weighted average over impact param-
eters, b/b = 0—0.5, (p /A) = 550 (250) MeV/c
for hadronic (QGP) EOS, respectively, at the target or
projectile rapidity. This ixnpact parameter range corre-
sponds roughly to the selection of 25% of the highest
multiplicity events Rom the minimum bias sample (Fig.
8).

In the QGSM for Au+Au collisions the transverse How

is sxnaller, but remains a large and observable efFect. It
has a similar behavior as as in the Quid dynamical model:
for protons the distribution of (p /A) is antisymmetric
and grows smoothly kom a minimum at negative rapid-
ity values to the maximum which is about 100 MeV/c
[5]. For charged particles (p /A) is much smaller, but
also can be observed (Fig. 8). At AGS energies the az-
imuthal asymmetry of the emitted protons and deuterons
has already been detected [10], but the transverse How

using the standard method[ll] has not been evaluated
yet.

C. Space-time dynamics

The space-time pattern of a collision is different in the
two models, and in the Quid dynamical model it strongly
depends on the EOS. Due to the higher compression with
a QGP the volume of the most dense region is almost
half of this volume with the hadronic EOS. On the other
hand, the lifetime of the dense matter is about 60—8070
longer [5, 6].
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In the QGSM we studied the space-time pattern of the
region occupied by strings or nonformed particles. This
region is wider than the dense region in Quid dynaxn-
ics and it decays in a different pattern. While in Quid
dynamics the dense region disappears along t=const or
a=const surfaces, in the QGSM the string-region decays
at its outside surface surviving quite long in the middle,
approximately 10 fm/c.

IV. SUMMARY
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In conclusion, we suggest one should study the col-
lective flow behavior in the Au+Au reactions at AGS
energies. According to our theoretical predictions these
collective efFects are well measurable at the AGS using
the same or similar methods as were used at the BE-
VALAC. Both the transverse How, (p /A), and particu-
larly the squeeze-out efFect are particularly sensitive to
the precursors of the transition to the QGP. If both the
bounce-off and squeeze-out are identified the signal of the
prephase transition softening of the EOS can be detected.
It is indicated by the larger squeeze-out versus bounce-ofF
ratio than measured at the BEVALAC.

A significant amount of QGP is not expected to be
forxned at this energy, but the signs of the phase transi-
tion due to the efFects of the mixed phase are observable.
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