PRL 103, 242301 (2009)

PHYSICAL REVIEW LETTERS

week ending
11 DECEMBER 2009

Topology Studies of Hydrodynamics Using Two-Particle Correlation Analysis
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The effects of fluctuating initial conditions are studied in the context of relativistic heavy ion collisions
where a rapidly evolving system is formed. Two-particle correlation analysis is applied to events
generated with the NEXSPHERIO hydrodynamic code, starting with fluctuating nonsmooth initial conditions
(IC). The results show that the nonsmoothness in the IC survives the hydroevolution and can be seen as
topological features of the angular correlation function of the particles emerging from the evolving
system. A long range correlation is observed in the longitudinal direction and in the azimuthal direction a
double peak structure is observed in the opposite direction to the trigger particle. This analysis provides
clear evidence that these are signatures of the combined effect of tubular structures present in the IC and
the proceeding collective dynamics of the hot and dense medium.
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Relativistic heavy ion collisions create a rich environ-
ment to study the behavior of matter under extreme con-
ditions. QCD degrees of freedom and collective behavior
have to be considered to explain the different features
observed in the experimental data. During the dynamic
evolution of the fireball created in these collisions, differ-
ent mechanisms compete and the features observed in the
final particles are a complex result of this competition;
thus, the study of the experimental data requires the devel-
opment of analysis tools and detailed comparison to theory
and phenomenological models. Within this context, two-
particle correlation analysis has enabled us to observe the
suppression of the jets by the medium [1] and also the
appearance of a long range angular correlation in the
longitudinal direction [2,3], also known as “The Ridge.”
Different models have been suggested for the Ridge. Our
work has some points in common with the general argu-
ment presented in [4,5] and further developed in the frame-
work of Glasma flux tubes [6,7]. However, to isolate
signals from specific physical mechanisms it is necessary
to do a careful subtraction of other global features such as
the effects generated by collective behaviors. In relativistic
heavy ion collisions, the collective behavior of the system
has been successfully described with the application of
hydrodynamic descriptions. We have studied two-particle
correlation analysis using data generated with a complete
hydrodynamic model to obtain some insight on the effects
of hydroevolution and possibly shed some light into some
of the observed features in the experimental data.
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In this work, the reaction dynamics is calculated through
the NEXSPHERIO code—a combination of the event genera-
tor NEXUS [8] and the hydrodynamical code SPHERIO [9].
NEXUS is a code based on the Gribov-Regge model of
hadronic collisions and provides the initial conditions
(IC) for the hydrodynamical evolution. For each event,
the IC are defined as a set of spatial three dimensional
distributions such as energy density, baryon number den-
sity, and velocity fields. In Fig. I we show an example of a
single event energy density profile in the transverse (left)
and longitudinal plane (right). This particular event shown
in Fig. 1 is equivalent to a central Au + Au collision at
JSyv = 200 GeV. The darker regions observed in the
density profiles are generated by a higher density of flux
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FIG. 1. Example of a transverse and longitudinal profile of the
initial energy density distribution in GeV/fm?® generated using
the NEXUS code [8]. This is equivalent to an event of Au + Au
collisions at ,/syy = 200 GeV with centrality of the top 10%.
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tubes in the IC. The system then evolves through a se-
quence of locally equilibrated states, where the dynamics
of these states are determined by an equation of state. In the
SPHERIO code, hydrodynamical equations of motion—that
represent energy-momentum conservation laws—are
solved in three dimensions using the variational relativistic
smoothed particle hydrodynamics (SPH) method [10],
without the use of any symmetry simplifications. More
details can be found in [11,12]. After some time of the
evolution, the local thermal equilibrium precondition is no
longer valid and decoupling criterion is employed when
hadrons are then generated through the Cooper-Frye pro-
cedure [13]. In the final part of our simulation code parti-
cles that have short life times are decayed; thus, the final
result of our code is particles equivalent to the ones that can
be measured in the experiments. It is important to note that,
within this model the energy-momentum tensor used as the
IC contains the contributions from both soft and hard
particles and is interpreted as thermalized. Thus, particles
with high transverse momentum (py) observed in the final
part of the simulation originate from the tails of the boosted
thermal distributions at the end of the hydrosimulation.

We have generated on the order of 200000 events of
Au + Au collisions at ,/syy = 200 GeV with two differ-
ent centrality classes. The first set of events was generated
with impact parameters of central collisions that corre-
sponds to the upper 10% of the total cross section and
the second set was generated considering impact parame-
ters of peripheral collisions with a cross section fraction
from 40% to 60%. Only the charged particles were con-
sidered in this analysis to allow for a comparison to the
experimental data available from the RHIC experiments.

Two-particle correlation analysis was applied to the data
generated by the NEXSPHERIO code using similar methods
as used by the STAR experiment [2]. In this method,
particles with p; higher than a threshold are classified as
trigger particles and the angular difference of the other
particles in the same event, called here as the associated
particles, are calculated with respect to the direction of
each trigger particle in the azimuthal direction A¢ and in
the longitudinal direction A7. This method was originally
applied to find angular correlations due to particle jets in
heavy ion collisions. For this reason, to reduce the contri-
bution of the thermally produced particles and enhance the
signal from the jets, a low py threshold was also applied for
the associated particles. Typical values of the low pgp
threshold was around 2 GeV/c. Since in this analysis the
main interest is in the topology of the structures created by
the hydrodynamic evolution, the associated particle low py
threshold was reduced to 1 GeV/c. The trigger particle 5
acceptance was limited to £1.5 to increase the similarity
with the analysis method used by the experiments.
Analysis without the n limitation of the trigger particle
was also tested and results show no qualitative difference
with the results shown here.

In the longitudinal direction, due to the shape of the 7
distribution of the particles, the A 7 correlation distribution
shows a strong variation that is higher for small A7 angles
and decrease for higher values of A. This structure in the
correlation function is subtracted using event mixing tech-
nique, where the same correlation histograms of An and
A ¢ are generated using trigger particles from one event
and associated particles from different events. The event
mixing is done within the same event centrality class, thus
with events that have similar particle multiplicities.
Figure 2 shows the result of the two-particle correlation
function in An and A ¢ after the mixed event subtraction,
calculated for central events. In this case, the correlation
function was calculated using trigger particle threshold of
pr>2.5 GeV/c and associated particle requirement of
pr > 1.0 GeV/c. There is a clear structure in the topology
of the correlation distribution with a variation in the A¢
direction. The A ¢ correlation has the contribution from the
anisotropy parameter (v,) that adds a cosine type oscilla-
tion in the A ¢ direction.

Figure 3 shows the projection of the correlation distri-
bution in the A¢ direction, integrating the A7 range
between *0.5. The top plot corresponds to the projection
histogram of the central events and the dashed curve
represents the v, contribution normalized using the
ZYAM (zero yield at minimum) [14] method. The v,
dependency on the py was calculated based on the method
as described in [15]. The amplitude of the v, contribution
is adjusted based on the mean v, value of the trigger
particles and the associated particles and the pedestal offset
is adjusted equalizing the minimum yield of the correlation
function with the flow contribution.

It is clear from the comparison between the A ¢ projec-
tion and the flow contribution that there is an excess of the
correlation yield suggesting that the topology observed
cannot be explained considering just the v, contribution.
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FIG. 2. Two-particle correlation in Ay and A ¢, for simulated
data with the equivalent centrality of 0%—10%, after subtracting
the event mixing. In this case we used the trigger particle
requirement of p; > 2.5 GeV/c and associated particle require-
ment of p; > 1.0 GeV/c.
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FIG. 3. Projection in A¢, for the An range between *0.5.
Curve in dashed line is the flow contribution normalized using
ZYAM (Zero Yield At Minimum) [14] method. This is from top
10% Au + Au collisions at ,/syy = 200 GeV.

The same comparison was done also for events generated
with the SPHERIO code using a smooth IC (without the
fluctuations), and the equivalent result is shown in the
bottom part of Fig. 3. The smooth IC were generated
averaging over several NEXUS events. In this case, the v,
curve agrees with the particle correlation function indicat-
ing that the anisotropy v, is the only contributor to the
topology of the two-particle correlation function.

Figure 4 shows the topology of the correlation function
after subtracting the v, contribution using the ZYAM
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FIG. 4. Two-particle correlation in Ay and A ¢, for simulated
central data, after subtracting the event mixing and flow con-
tribution. Flow contribution was calculated using the ZYAM
method and a mean v, calculated for the entire 7 range.

method applied to the A¢ projection of each interval of
An. Itis clear that there is still an excess of the correlation
yield in the near side of the trigger particle (A¢ = 0) and
also some excess in the away side (A¢ = 7). It can also be
noted that in the near side, the correlation function is
narrow in the A¢ but extends over several units of pseu-
dorapidity. In the away side, the correlation function also
extends over several units of rapidity with two Ridge-like
structures peaked at A¢p =~ *2.

Figure 5 top plot shows the A¢ projection of the two-
particle correlation, integrated over A7 range between *1,
for events from the central (solid squares) and peripheral
(open circles) centrality classes. The horizontal axis was
shifted by 77/2 to help in the visualization and distinguish-
ing the near side and away side. Both data sets show a clear
narrow correlation peak in the near side. In the away side,
the central data show a double peak structure with a dip at
A¢ = 7 that appears after the subtraction of the v, con-
tribution while the peripheral data show no clear correla-
tion in the away side. The double peak structure in the
away side was observed in the experimental data and is the
focus of several different explanations such as away side
jet deflection and coherent conical emission due to jet
energy loss [16]. In our model, we do not have a particle
jet traversing the medium, but rather the evolution of IC hot
spots through the hydrodynamic expansion, which gener-
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FIG. 5. Top plot shows the A¢ projection for the simulated
data equivalent to central collisions (solid squares) and periph-
eral collisions (open circles). Bottom plot shows the equivalent
A distribution, for the near side (—1.0 > A¢ > 1.0) for central
(solid squares) and peripheral (open circles) collisions. The error
bars include the statistical error of each bin and the error due to
v, of the ZYAM method.
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ate a topology structure that can be observed in the char-
acteristics of the final particle correlation functions. The
shape of the away side structure in the A¢ is strongly
dependent on the v, values. Further investigation of the
origin of this structure and the dependency on the v,
calculation is in progress.

The A projection of the near side correlation is shown
in the second plot of Fig. 5 for the two different centrality
classes, central events shown with solid squares and pe-
ripheral events with open circles. The uncertainties in each
point include the statistical error of each bin and the
uncertainty in the v, value that was subtracted. It is clear
that the residual correlation extends over several pseudor-
apidity units, but the range of the correlation in the longi-
tudinal direction seems to decrease with the event
centrality. This Ridge structure in the A7 correlation was
also observed in the experimental data at RHIC by the
STAR [2] and PHENIX experiments [3]. The observed
feature extends up to two units of Az within the limits of
the detector acceptance and has a strong peak that corre-
sponds to the near side jet correlation on top of the Ridge
structure.

Our analyses show that the large extension of the corre-
lation in the longitudinal direction is related to the exten-
sion of the higher energy density regions in the IC. This
suggests that the initial nonsmoothness of the system sur-
vives the hydrodynamic evolution and can be observed in
the final experimentally observed topology in the two-
particle correlation function. It is also necessary to evaluate
the effects of final state hadronic interactions to the shape
of the topology structures observed here. Recent results
considering hydroevolution calculations coupled with the
hadronic cascade model [17] show that the effect to the
hydrodynamic features such as v, is small, and thus should
not affect the main features observed here. Correlation
functions from events generated using only the NEXUS
code without the hydrodynamic evolution were also veri-
fied and we did not observe any type of topology structure
in the correlation function, except for a narrow jetlike peak
structure in Anp = 0 and A¢ = 0. Events generated con-
sidering just pure hydrodynamics starting with smooth IC
also do not generate the topology structures. Only when we
couple the NEXUS outputs (the IC) with the SPHERIO cal-
culation (the hot and dense medium) in an event-by-event
fashion, is the Ridge structure observed.

Thus, in conclusion, the topology structures observed in
this analysis are due to the combined effect of the fluctuat-
ing nonsmooth initial conditions and the proceeding col-
lective dynamics of the hot and dense medium created in
the heavy ion collisions. It is worthy to note that what we
observed in this analysis may share similarities in other
fields. For example, in astrophysics [18]the super horizon
fluctuations in the cosmic microwave background are

thought to have originated from the small quantum fluctu-
ations present at the time of inflation in the early Universe.
Also, if indeed the initial conditions in the heavy ion
collisions manifest themselves through the two-particle
correlations, this opens the possibility to study particle
production mechanisms on the sub-Fermi scale. In addi-
tion, the SPH method used in this work was originally
developed in astrophysics [19] with various applications.
In the context of particle interactions in heavy ion colli-
sions, our results provide a clear picture for the dynamic
evolution at the foremost early stage of the collisions.
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