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Is early thermalization achieved only near midrapidity in Au ¿ Au collisions at AsNNÄ130 GeV?

Tetsufumi Hirano*
Physics Department, University of Tokyo, Tokyo 113-0033, Japan

~Received 3 August 2001; published 3 December 2001!

The pseudorapidity dependence of elliptic flow in Au1Au collisions at 130A GeV is studied within a full
three-dimensional hydrodynamic model in the light-cone coordinate. First, we prepare two initial conditions in
the hydrodynamic model for analyzing elliptic flow. Both initial conditions lead to reasonable agreement with
single particle spectra in central and semicentral collisions. Second, by using these hydrodynamic simulations,
we compare elliptic flow as a function of pseudorapidity with experimental data recently measured by the
PHOBOS Collaboration. Our results are in agreement with experimental data only near midrapidity. This
suggests that thermalization in the early stage of collisions is not achieved in forward and backward rapidity
regions.
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Nucleus-nucleus collisions at the Relativistic Heavy I
Collider ~RHIC! give us an opportunity to study a new sta
of deconfined nuclear matter, the quark-gluon plasma~QGP!
@1#. The main goals in the physics of relativistic heavy-i
collisions are not only the discovery of the QGP, but also
investigation of thermodynamical aspects of its new pha
i.e., the equation of state~EOS!, the order of phase transitio
between the QGP phase and the hadron phase, or the cr
temperature. It is very important to check whether the th
malization of the nuclear matter produced at the very ea
stage of collisions is really achieved, before discussing
thermodynamics of the QGP. Elliptic flow in noncentral co
lisions @2# is suited for this purpose. If produced particl
frequently rescatter with each other, we naively expect t
thermalization of the system is achieved and that the la
pressure is built in the reaction zone. The pressure prod
the momentum anisotropy of observed particles from
spatial deformation in the transverse plane. The coefficie
of second harmonics in the azimuthal distribution, not o
its magnitudev2 but also its transverse momentum depe
dencev2(pt) and its centrality dependencev2(b), seem to be
good indicators for thermalization of nuclear matter@3–9#.
Hydrodynamic simulations@7#, in which full local thermali-
zation is assumed, give us excellent agreement with the
result of v2(pt) from Au1Au 130A GeV collisions at the
RHIC @10# up to pt;1.5 GeV/c near midrapidity. Their re-
sults are based on a~211!-dimensional hydrodynamic mode
with Bjorken’s scaling solution. One cannot, however, d
cuss the rapidity dependence of observables by exploi
Bjorken’s model@11#. Since this model is assumed to give
good description of space-time evolution of nuclear ma
near the midrapidity region, the agreement between
model calculation and experimental data means that e
thermalization at the RHIC is achievedat least only at
midrapidity. In this Rapid Communication, we investiga
how far from midrapidity thermalization in the early stage
achieved through comparison of the pseudorapidity dep
dence of elliptic flow from a genuine three-dimensional h
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drodynamic model with experimental data recently measu
by the PHOBOS Collaboration@12#.

There are several works based onfull three-dimensional
hydrodynamic simulations for one fluid@13–17#. These
simulations, except Ref.@17#, are performed in the Cartesia
coordinate. In view of numerical analyses, hydrodynam
simulations in the Cartesian coordinate at the RHIC ene
are tremendously hard owing to very long life time of th
fluid (t f;100 fm/c). So we extend our previous algorithm
in the Cartesian coordinate@16# to the ‘‘light-cone’’ ~or
Bjorken! coordinate for saving of the computation time.
the new coordinate, hydrodynamic equations (]mTmn50 and
]mnB

m50) are written as

]tS U1

U2

U3

U4

U5

D 1¹•S U1

U2

U3

U4

U5

D ṽ1S t]xP
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]hs
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0
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1S 0

0

U3 /t

U4ṽhs

2 /t1P~11 ṽhs

2 !
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D 50, ~1!

where

S U1

U2

U3

U4

U5

D 5S tg̃2~E1P!ṽx

tg̃2~E1P!ṽy

tg̃2~E1P!ṽhs

tg̃2~E1P!2tP

tg̃nB

D . ~2!

Here E, P, andnB are energy density, pressure, and bary
density; t5A2x1x25At22z2, hs5(1/2)log(x1 /x2)
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5(1/2)log@(t1z)/(t2z)#, x, and y are, respectively, the
proper time, the space-time rapidity, the transverse coo
nate parallel to the impact parameter vector, and
coordinate perpendicular to the reaction plane. Note
¹5(]x ,]y ,]hs

/t). Fluid velocities in the new coordi

nate are represented in terms ofvx , vy , and vz ; ṽx

5vx coshYf /cosh(Yf2hs), ṽy5vy coshYf /cosh(Yf2hs),

and ṽhs
5tanh(Yf2hs), where Yf5(1/2)log@(11vz)/(12vz)#

is the rapidity of a fluid element. The Lorentz gamma fac

is g̃51/A12 ṽ2. We use the same model EOS as the o
represented in Ref.@15#. The EOS has a first order phas
transition between the QGP phase and the hadron pha
Tc(nB50)5160 MeV. The QGP phase is assumed to
free gas composed of quarks withNf53 and gluons. For the
hadron phase we adopt a resonance gas model, which
cludes all baryons and mesons up to the mass of 2 GeV@18#,
together with an exclude volume correction@19#. For further
details on the EOS, see Refs.@15,16#.

We set up initial conditions att050.6 fm/c. The initial
energy density is motivated by a tilted disc recently d
cussed in the context of ‘‘antiflow’’ or ‘‘third flow compo-
nent’’ @20,21#. We assume that the longitudinal profile
initial energy densityE(hs) at a transverse coordinate (x, y)
is composed of two regions; the initial energy density is
nearhs;0 and smoothly connects to vacuum as a half p
of a Gaussian function in the forward and backward spa
time rapidity regions. The length of a flat regionDhflat and
the width of Gaussian functionDhGaussare adjustable param
eters to be determined by the experimental data of the~pseu-
do!rapidity distribution. In symmetric collisions with zer
impact parameter, we expectE(hs)5E(2hs). On the other
hand, we shift the energy density byDhs which is identified
with the center of rapidity for each transverse coordinate@22#
in noncentral collisions. The difference of thickness betwe
two colliding nuclei for each transverse coordinate results
the initial distribution like a tilted disc. We compare tw
initial conditions in this paper. In order to reproduce a d
structure of the pseudorapidity distribution observed by
PHOBOS Collaboration @23#, we choose Dhflat56.0,
DhGauss50.4, and a maximum energy densityEmax
540 GeV/fm3 for the initial conditionA ~IC A). The other
initial condition ~IC B) has a smaller flat regionDhflat52.8,
a larger Gaussian widthDhGauss51.6, and a slightly larger
maximum energy densityEmax543 GeV/fm3 than the ICA.
The latter also gives a reasonable result of the pseudorap
distribution. To ensure that a fluid element always starts fr
the physical region in the EOS, we add the energy den
originated from the net baryon density to the above ene
density @22#. Both initial conditions for energy density a
hs50 are very close to the model ‘‘eBC’’ in Ref.@24#, i.e.,
the transverse profile of energy density is in proportion to
number of binary collisions in the transverse plane. T
model gives the similar shape of the charged particle y
per participating nucleon pair (dNch/dh)/(0.5Npart) as a
function of Npart @24#. Figure 1 shows two sets of initia
energy density in the reaction plane. We adopt the follow
initial baryon density and flow velocities as common init
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conditions. For the initial baryon density, we extend the p
rametrization by Sollfranket al. @22#, originally proposed for
central collisions, to the case for noncentral collisions. W
found that the shape of baryon density does not largely af
the final results obtained in this paper since the produ
matter at the RHIC energy is dominated by mesons. Ini
longitudinal flow is the Bjorken’s solutionṽhs

(t0)50 @or

Yf(t0)5hs# and transverse flow velocities vanishṽx(t0)
5 ṽy(t0)50.

Figure 2 shows the pseudorapidity distribution of charg
particles for central and semicentral collisions. We accum
late the contribution from particles directly emitted fro

FIG. 1. Initial energy density in the reaction plane (y50 and
hs.0) in Au 1 Au collisions at 130A GeV. ~a! The initial condi-
tion A. ~b! The initial conditionB. The impact parameterb is 2.4
fm. See text for details.

FIG. 2. Pseudorapidity distribution of charged particles
Au1Au 130A GeV central and semicentral collisions. Solid an
dashed lines correspond to initial conditionsA andB, respectively.
Experimental data are observed by the PHOBOS Collabora
@23#.
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freeze-out hypersurface and feeding from resonance dec
The preliminary experimental data are given by the PH
BOS Collaboration@23#. The PHOBOS Collaboration est
mates the average numbers of participants^Npart&;340 for
the 0–6 % central collisions and;93 for the 35–45 % semi
central collisions@23#. We choose the impact parameters 2
fm for central and 8.9 fm for semicentral collisions. Th
resultant numbers of participants based on the woun
nucleon model with the standard Woods-Saxon profile
342 (b52.4 fm) and 94 (b58.9 fm). We first tune initial
parameters to reproduce central events. By changing the
pact parameter and unchanging the other parameters, we
obtain the results for another centrality. Although the ICA is
the best fit to experimental data, the ICB is also acceptable
within error bars. It should be noted that a dip structure
h50 results from the Jacobian of the transformation fro
rapidity Y to pseudorapidityh @25#.

In order to describe the dominant radial flow at freeze-o
we choose an appropriate value for freeze-out energy den
so as to reproduce the slope of transverse momentum d
butions. In Fig. 3 we comparept spectra of negative pion
and antiprotons for central and semicentral collisions w
experimental data measured by the PHENIX Collaborat
@26#. By choosing the freeze-out energy densityEf
5120 MeV/fm3 which corresponds to the mean freeze-o
temperaturê Tf&uhs50;137 MeV, our results are in very
good agreement with the slope of these spectra. The resu
mean radial flow^v r&uhs50 are 0.49 (b52.4 fm) and 0.41

(b58.9 fm) for the ICA and 0.50 (b52.4 fm) and 0.42
(b58.9 fm) for the ICB.

Finally we perform hydrodynamic simulations with var
ous impact parameters and obtain the pseudorapidity de
dence of elliptic flowv2(h) for charged particles in mini-
mum bias events

v2~h!5

E bdbdf cos 2f
d2Nch

dhdf
~b!

E bdb
dNch

dh
~b!

. ~3!

FIG. 3. Scaled transverse momentum distribution of nega
pions and antiprotons in Au1Au 130A GeV central and semicen
tral collisions. Solid lines and dashed lines correspond to ini
conditionsA andB, respectively. Experimental data are observed
the PHENIX Collaboration@26#.
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Our results and experimental data obtained by the PHOB
Collaboration are shown in Fig. 4. For the ICA, two bumps
appear atuhu;3. This structure is caused by the tilted di
shape, i.e., produced matter is highly deformed in forw
and backward space-time rapidity regions. The initial ene
density for the ICA has a ‘‘crescent’’ shape rather than a
almond shape atuhsu;3.5 in the transverse plane@21#. Since
the initial deformation of energy density for the ICB is al-
most independent ofhs owing to a relatively largeDhGauss,
the resultantv2(h) has no bumps. To see these more clea
we show in Fig. 5 the initial spatial deformation as a functi
of hs

«x~hs!5
^~y2y0!22~x2x0!2&

^~x2x0!21~y2y0!2&
. ~4!

The angular bracket represents a spatial average weighte
the energy density in the transverse plane att0. Here
(x0(hs),y0(hs)) is a center of energy density in the tran
verse plane at fixedhs. It should be noted thatx0>0 for
hs>0 andy050 in our initialization of energy density. The
initial deformation for the ICA has a maximum value nea
hs;3.2, while the deformation for the ICB is almost inde-
pendent ofhs. Thus we find the pseudorapidity dependen

e

l
y

FIG. 4. Pseudorapidity dependence of elliptic flow for charg
particles in Au1Au 130A GeV collisions. The value of elliptic
flow is averaged over all centrality. Solid and dashed lines co
spond to initial conditionsA andB, respectively. Experimental dat
are observed by the PHOBOS Collaboration@12#.

FIG. 5. The initial spatial deformation«x as a function ofhs.
Solid and dashed lines correspond to initial conditionsA and B,
respectively.
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of elliptic flow is highly sensitive to the initial longitudina
profile of energy density. In both cases, our results are
reasonable agreement with experimental data only near
midrapidity region. These results indicate that thermalizat
is fully achieved near the midrapidity region (uhu&1) and
partially in the forward and backward rapidity region
(uhu*1). We note that ourv2(pt) and v2(nch/nmax) in uhu
,1.3 ~not shown! are consistent with the results shown
Ref. @7#; our results are consistent with the STAR data@10#
below pt;1 GeV/c and abovench/nmax;0.5.

Three discussions are in order here.
~i! It is best to compare elliptic flow from hydrodynamic

with experimental data for each centrality in order to see h
the thermalized region increases with centrality. In addit
to elliptic flow, we need to analyze the transverse momen
~mass! distribution in the forward rapidity region since radi
flow is also appropriate for checking thermalization of t
system. There are no such data at present. Therefore we
the forthcoming experimental data ofv2(h) for each central-
ity or the transverse momentum distribution in the forwa
rapidity region will reveal the dynamics of nuclear matter
the whole phase space.

~ii ! It is assumed in conventional hydrodynamic mod
that the sharp transition from the hydrodynamic piture to
noninteracting particle picture happens at the constant t
perature. On the other hand, the sophisticated freeze-out
cedure yields small values ofv2 even if thermalization sets
in the early stage of collisions@8#. The model evolves the
QGP and mixed phases as a relativistic fluid, while
switches to a hadronic cascade model~RQMD in Ref. @8# or
UrQMD in Ref. @27#!. The main advantage of these hybr
models is that the freeze-out process is automatically
cluded without any assumption such as freeze-out temp
ture. These hybrid models can give smallv2 in forward or
backward rapidity regions where the multiplicity or the num
ber of hadronic rescattering is small.
M

ys

ys
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~iii ! There may exist other initial conditions for hydrody
namic simulations which lead to be in agreement with sin
particle spectra and elliptic flow. Along the lines of though
more sophisticated initialization based on the nuclear thi
ness function will be studied elsewhere@28#.

In summary, we have studied early themalization of p
duced particles at the RHIC by using a genuine thr
dimensional hydrodynamic model. Our hydrodynamic sim
lations are performed in the light-cone coordinate. Su
simulations become important in analyzing ultrarelativis
heavy-ion collisions at the RHIC energies. We conside
two sets of initial parameters in the hydrodynamic mod
We chose initial parameters so as to reproduce the pseud
pidity and transverse momentum spectra for both central
semicentral collisions. By using results from these numer
simulations, we analyzed the pseudorapidity dependenc
elliptic flow. We found that a large value ofv2 comes from
the tilted disc shape which has a large spatial deformatio
the transverse plane in the forward rapidity region. Neah
50 our results for minimum bias events are consistent w
experimental data observed by the PHOBOS Collaborat
On the other hand, we failed to reproduce experimental d
in forward and backward rapidity regions (uhu*1). This in-
dicates the early pressure is not built in forward and ba
ward regions. Both theoretical and experimental detai
analyses as discussed above are indispensable for u
standing the dynamics of nuclear matter not only at mid
pidity but also at forward~backward! rapidity at the RHIC
energy.
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