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Azimuthal Dependence of Collective Expansion for Symmetric Heavy-Ion Collisions
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Detailed studies of the azimuthal dependence of the mean fragment and flow energies in the Au + Au
and Xe + Csl systems are reported as a function of incident energy and centrality. Comparisons
between data and model calculations show that the flow energy values along different azimuthal
directions could be viewed as snapshots of the fireball expansion with different exposure times. For the
same number of participating nucleons more transversally elongated participant shapes from the
heavier system produce less collective transverse energy. Good agreement with Boltzmann-Uehling-
Uhlenbeck calculations is obtained for a soft nuclear equation of state.
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One of the main motivations to study heavy ion colli-
sions at high energy is to obtain information on the
equation of state (EOS) for nuclear matter under condi-
tions of pressure and temperature different from those in
normal nuclei. The search for hot and dense nuclear
matter created in such collisions is confronted with dy-
namical consequences of the high incident energy neces-
sary to reach such conditions and with the difficulty to
reach a thermal equilibrium in finite systems. Dynamical
aspects refer not only to the initial phase of the collision,
but also to the evolution stage of the formed fireball. Thus,
detailed experimental information on the expansion dy-
namics is required. The simplest situation corresponds to
central collisions with the advantage of the azimuthal
symmetry and of the lack of spectator matter. Predicted
in the early 1970s [1,2], the collective expansion of the
hot and dense fireball produced in central collisions was
evidenced experimentally [3—11]. Although central colli-
sions seem to deliver the cleanest signal on the collective
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expansion on first sight, two issues are worth mentioning:
(i) While the axial symmetry of the dynamical evolution
holds, the spherical symmetry has to be inspected.
Preequilibrium emission and transparency effects could
influence the spherical symmetry of the expanding sys-
tem. (ii) With regard to reaching pressure, the nuclear
matter, not being confined in transverse directions, can
escape freely in any direction perpendicular to the colli-
sion axis starting from the very first moments of the
collision. For reduced centrality, other complications ap-
pear. One has to deal with rotating expanding objects in
the presence of spectator matter. Nevertheless, there are
also some advantages in studying less central collisions:
(i) Rotation and shadowing can be used as internal clocks
for getting deeper information on the expansion dynam-
ics; (ii) the centrality can be used to control the shape and
content of the fireball and of the shadowing matter;
(iii) for a given centrality the passage time of the shad-
owing objects can be controlled varying the incident
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energy; (iv) the confinement of the spectators becomes
more efficient in transverse directions than in the central
collisions. Symmetry considerations imply two dominant
components in the particle transverse emission: azimu-
thally symmetric emission and an elliptic modulation of
that emission (squeeze-out) which has been predicted by
hydrodynamical calculations [12] and extensively studied
experimentally [13-24]. The squeeze-out has been
studied, in particular, as a function of centrality, type
of emitted particle, transverse momentum, and mass of
the colliding systems. A considerable collectivity was
identified in the transverse emission pattern and it was
found, from fitting the energy spectra with a radially
expanding source, that the collectivity itself exhibits an
elliptic modulation [19]. The present Letter is devoted to
the elliptic modulation of collectivity as reflected in the
dependence of average fragment energies on the fragment
mass [22].

Notably, without any modulation of collectivity, the
squeeze-out itself could just represent pure geometric
shadowing of particle emission from the participant
zone. Significant modulations, as a counterpart, should
show significant influence by early pressure, with the
compression and excitation energy getting converted
into collective energy at the stage of high density when
the spectators are present. Comparisons of different cen-
tralities and system masses are needed in order to under-
stand how the geometry of the participant and spectator
zones affects the collective expansion. Excitation func-
tions for the collectivity anisotropy are mandatory to
understand how the collective expansion builds up at
different densities and excitations.

The present work is based on '"7Au+ '"7Au and
130Xe 4 133Cs!?71 data from FOPI Phase II experiments
at the SIS of GSI. Detector details can be found elsewhere
[24-26]. The main component implemented in the FOPI
configuration is a central drift chamber (CDC) [26]. Two
criteria for centrality selection were combined: the par-
ticle multiplicity, with a higher selectivity at large impact
parameters, and the ratio of transverse and longitudinal
energies in the c.m. system E, = > ,E, ;/> E); as a
better filter for more central collisions. Two windows in
the CDC multiplicity, CM2 and CM3, have been used to
select impact parameters in the range of 6—8 fm and 4—
6 fm. Similarly, the ER4 and ER5 windows in E,,; select
the ranges 2—4 fm and 0-2 fm, respectively. The impact
parameter estimates and the estimates of the number of
participating nucleons A, are based on the geometrical
“sharp cutoff”” approximation. For reaction-plane deter-
mination, the transverse-momentum analysis method has
been used [27]. Studies of the squeeze-out phenomena
revealed from the very beginning [13] the importance
of performing the azimuthal distribution analysis in a
reference frame with the polar axis along the sidewards
flow direction. The present analysis used a reference
frame in which the ellipsoidal pattern of the azimuthal
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particle distribution at midrapidity maximizes the ratio
of the two transverse semiaxes [19,22,24]. The previous
comprehensive description of the elliptic modulation of
collectivity in the beam range 0.25-1.15A GeV [19] was
based on a parametrization of the deuteron (A = 2)
tranverse-mass spectra with an expression characteristic
of radially symmetric shell expansion. The use of such an
expression for studying the modulations is inherently
contradictory and implies a specific model. We prefer to
present experimental information free from any model.

For the mentioned reasons, we concentrate on the mean
kinetic energy in the c.m. system, (E5:™), and on the flow
energy extracted from its dependence on the mass of the
reaction products (Z = 1, 2, and 3) within a polar angular
range of 80° = #_.,, = 100° [22]. In order to extract
(Eg™), one needs complete energy spectra. Because of
the peculiar shape of the shadows of subdetector borders
in the rotated reference frame, the experimental spectra
have been analyzed in the azimuthal ranges [0°, 90°] and
[270°, 360°]. These two ranges have been overlapped to
decrease statistical errors. They are plotted as full sym-
bols in Fig. 1 for five bins from 0° to 90° and were then
reflected (open symbols) in order to generate the full
angular range of 0°-360°.

Figure 1 presents, as an example, the azimuthal depen-
dence of (Ej™) for Z = 2 products as a function of the
incident energy in Au + Au at ER4 centrality, as a func-
tion of centrality in Au + Au at 250A MeV, and for the
two measured systems at 250A MeV and ER4 centrality.
The presented information is independent of the anisot-
ropy of the yield distribution. The main contribution to
the error bars comes from systematic effects, the statisti-
cal ones being at the level of symbol sizes. We had to
combine information from two subdetector systems and
this was done by looking at all fragments as a function of
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FIG. I. Mean c.m. energy (Ef™) of Z =2 products as a
function of the azimuthal angle, shown for Au + Au at ER4
centrality and different energies (left); Au + Au at 2504 MeV
and different centralities (middle); Au + Au and Xe + CsI at
250AMeV and ER4 centrality (right). The error bars include
systematic effects.
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their charge. In doing this, we had to correct the Z = 1
and Z = 2 energy spectra from the CDC, based on pre-
vious FOPI data [8], in order to take into account the fact
that the He fragments are not well separated from the
tritons in some parts of the momentum space. The azi-
muthal asymmetry of (E{;™) increases as a function of
incident energy and mass of the colliding nuclei, reaching
a maximum in midcentral collisions. The value averaged
over the azimuth increases with the beam energy, central-
ity, and mass of interacting system. As shown by the solid
lines, the data follow very well the behavior (Ef:™) =
Eﬁin — AEy;, cos2®. Fits to the dependence of mean ki-
netic energies (Ef™) on fragment mass A with the non-
relativistic expression

(Epn) =~ %A “ mo{Bhiow) + %T, (1)

yield the average flow energy per nucleon E., and the
temperature 7 (mg is the nucleon rest mass). Lack of
an explicit treatment of the Coulomb effects leads to a
systematically overestimated value of the real tempera-
ture T [8].

The flow energy E.oy = 3mo{Bhoy, and T can be fit
nicely with E.y = E%, — AE . cos2® and T =T, —
AT cos2®, respectively. E.,; exhibits a strong elliptic
anisotropy, with the largest energy values in the direction
perpendicular to the reaction plane. Both the average over
the azimuth of the collective energy E | and the elliptic
anisotropy AE_ increase continuously with the incident
energy over the studied region. The temperature parame-
ter T stays roughly constant as a function of the azimuth

at three lowest beam energies and develops oscillations
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FIG. 2. E%, (top-left panel), E™4 (top-right panel), and
AE, (bottom) as a function of A, corresponding to the
four centralities mentioned in the text, at different incident
energies in the Au + Au (full symbols) and Xe + CsI (open
symbols) systems. Second-order polynomial fits, represented by

dashed lines, serve to guide the eye.
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AT in the range 1-2.5 MeV, at 2504 MeV. These could be
indicative of the small variations of temperatures at the
different sides of the participant fireball [7]. Figure 2
provides global results: E(c)on, EZSY (Eqon at 90°) and
AEy as functions of A, for both measured systems.
At 90A MeV, the in-plane and out-of-plane flow values
are very similar (AE,,; ~ 0) at all centralities in Au +
Au, paralleling the observations for the yields for which a
transition from in-plane to out-of-plane enhancement
was found [24] as a function of incident energy. At all
energies, EV , increases with the centrality corresponding
to an increasing baryonic number Ap,, of the fireball
Although the error bars, which include the systematic
effects, are large, the relative errors for the data at differ-
ent Ay, are small, of the order of 0.08 MeV. At higher
energies, a maximum of AE_,; in midcentral Au + Au
collisions becomes visible. A comparison of the two
systems 250A MeV in the 90° direction, outside of the
spectator shadow, Fig. 2 (top right), shows a difference of
the order of 20% in E7 between the two systems, at the
same Ap,. One should notice that, for the same A, the
fireball produced in the Xe + CsI case is more spherical
than that in the Au + Au case. This remarkable depen-
dence of the transverse flow energy on the shape of the
expanding nuclear zone is reported here for the first time.
Flatter fireballs yield on the average less transverse ex-
pansion than more spherical ones.
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FIG. 3 (color online). (a) Li-like fragment yield distribution
in the plane of Ey;, vs breakup time ¢, in the hybrid model.
(b) Mean kinetic energy of Li-like fragments emitted after a
breakup time /7", (c) Mean Kinetic energy of Z = 1, 2, and 3
fragments as a function of their mass for different ranges of the
breakup times. (d) Collective energy as a function of azimuthal
angle in the hybrid model.
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To get an insight on the main mechanism behind the
observed experimental trends, we have calculated the
expansion dynamics within a semianalytical hybrid
model [7] for a 200-nucleon fireball, which roughly cor-
responds to A, at CM3 centrality in Au + Au collision.
Notably, this model, in which expansion dynamics is
combined with statistical features of cluster formation
at freeze-out, predicts a decrease of the collective energy
and of the temperature as the system deexcitation pro-
gresses. A two-dimensional yield distribution as a func-
tion of Ey;, and breakup time 7, for Li fragments in
250AMeV Au + Au collision is presented in Fig. 3(a).
In the directions outside of the spectator shadow, i.e.,
perpendicular to the reaction plane, fragments with ki-
netic energies corresponding to all breakup times will be
visible. The situation changes if the observer views the
reaction from the reaction plane. Particles emitted di-
rectly from the fireball are visible once the spectators
moved apart from the collision zone by a distance corre-
sponding to at least half of the transition time. Those
particles which were emitted earlier will get redirected.
At later times, the Ey;, distributions become narrower
following the decompression and this effect gets more
pronounced for heavier fragments. Figure 3(b) shows the
mean energy of Li-like fragments as a function of a
starting time 7" for emission, from integrating over
the yield in panel 3(a). Mean kinetic energies as a func-
tion of fragment mass number A, for different emission
intervals in #,, can be seen in Fig. 3(c). If one calculates
the emission in a simple geometric picture, under the
assumption that the centers of original nuclei pass each
other in the middle of the expansion time shown in
Fig. 3(a), one gets the behavior of flow energies repre-
sented in Fig. 3(d). Although quite simplistic, the model
nicely reproduces the qualitative trends seen in the data,
showing that the flow energy values could be viewed as
snapshots of the fireball expansion dynamics with differ-
ent exposure times for different azimuthal directions.
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FIG. 4 (color online). E]?in and AEy;, as a function of A, for
Z=1(A=1, 2, 3) fragments, Au + Au at 400A MeV. The
experimental results are represented by triangles, while the
BUU results are represented by gray zones for soft EOS and by
dashed zones for stiff EOS, respectively.
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It is obvious that preequilibrium processes can be im-
portant and that dynamic long-term anisotropies can
be produced in the collective expansion with either ef-
fect being absent in the simple scenario above. Thus, a
comparison with the ab initio microscopic transport
model becomes important. Correspondingly, for the
400A MeV Au + Au collisions, we present in Fig. 4 the
results of the Boltzmann-Uehling-Uhlenbeck (BUU)
transport code [28] using momentum-dependent mean
fields (m*/m = 0.79), in-medium elastic cross sections
(o = o tanh(o™™ /) with oy = p~%/3), and soft (K =
210 MeV, gray zone) or stiff (K = 380 MeV, dashed
zone) EOS. The light fragments (up to A = 3) are pro-
duced in a few-nucleon processes inverse to composite
breakup. The measured relative yields are nicely repro-
duced, especially at higher incident energies [8]. The
calculated yields have been smeared according to the
measured reaction-plane dispersion. For (Ey;,), little sen-
sitivity to EOS is found, with either EOS parametrization
yielding a quite good agreement with the data. As far as
the values of AE,;, are concerned, the calculations with
the soft EOS reproduce the overall trend of the experi-
ment while the calculations with the stiff EOS overesti-
mate significantly especially at higher centralities (lower
impact parameter) the measured values.

In summary, we presented results on the azimuthal
dependence of mean fragment and flow energies in two
symmetric systems, for different centralities and incident
energies. Corroborated by model estimates, indications
emerged that different regions of the azimuth capture
different periods of the central fireball expansion. In
comparing results from two symmetric systems, it was
possible to evidence that a more spherical fireball pro-
duces more transverse flow at a given participant number
than a deformed fireball. Comparisons with transport
code predictions demonstrated that the soft EOS, in com-
bination with a momentum-dependent mean fields and
with in-medium cross sections, gives a good agreement
with the experiment.
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