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Is early thermalization achieved only near midrapidity in Au + Au collisions at ysyy=130 GeV?
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The pseudorapidity dependence of elliptic flow in-Afu collisions at 138 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 londrodynamic model with experimental data recently measured
Collider (RHIC) give us an opportunity to study a new state by the PHOBOS Collaboratiofi2].
of deconfined nuclear matter, the quark-gluon plas@@aP There are several works based fofi three-dimensional
[1]. The main goals in the physics of relativistic heavy-ion hydrodynamic simulations for one fluifil3-17. These
collisions are not only the discovery of the QGP, but also thesimulations, except Ref17], are performed in the Cartesian
investigation of thermodynamical aspects of its new phasegoordinate. In view of numerical analyses, hydrodynamic
i.e., the equation of stat€OS), the order of phase transition Simulations in the Cartesian coordinate at the RHIC energy
between the QGP phase and the hadron phase, or the critic¥€ tremendously hard owing to very long life time of the

temperature. It is very important to check whether the therfluid (t;~100 fmfc). So we extend our previous algorithm

malization of the nuclear matter produced at the very earl;}n_ the Carte3|_an coordmat_ElG] to the “I|ght-cpne”_ (or
jorken) coordinate for saving of the computation time. In

stage of collisions is really achieved, before discussing the . . . v
thermodynamics of the QGP. Elliptic flow in noncentral col- the new coordinate, hydrodynamic equatiosg(**=0 and

M i
lisions [2] is suited for this purpose. If produced particles duNg=0) are written as

frequently rescatter with each other, we naively expect that U U )
. . . . 1 1 X

thermalization of the system is achieved and that the large P

pressure is built in the reaction zone. The pressure produces Uz Uz 70y

the momentum anisotropy of observed particles from the ol YUs | +v.| YUs |7+ Iy P

spatial deformation in the transverse plane. The coefficients ! Uy Uy V. PV

of second harmonics in the azimuthal distribution, not only U U

its magnitudev, but also its transverse momentum depen- ° ° 0

dencev,(p;) and its centrality dependencg(b), seem to be

good indicators for thermalization of nuclear matf8r9]. 0

Hydrodynamic simulation§7], in which full local thermali- 0

zation is assumed, give us excellent agreement with the first Us/r

result of v,(p,) from Au+Au 130A GeV collisions at the + - | =0 ()

RHIC [10] up top;~1.5 GeVEt near midrapidity. Their re- U3/ 7+ P(1+0v7)

sults are based on(2+ 1)-dimensional hydrodynamic model 0

with Bjorken’s scaling solution. One cannot, however, dis-

cuss the rapidity dependence of observables by exploitina’

Bjorken’s model11]. Since this model is assumed to give a here

good description of space-time evolution of nuclear matter S2(E+P)

near the midrapidity region, the agreement between the U, Ty Ux

model calculation and experimental data means that early U, 7(E+ P)Zy
thermalization at the RHIC is achieveat least only at

~ ~
midrapidity. In this Rapid Communication, we investigate Us|=| ™ (E+P)v,73 . (2
how far from midrapidity thermalization in the early stage is Uy 7y2(E+P)— 1P

achieved through comparison of the pseudorapidity depen- Us ~

dence of elliptic flow from a genuine three-dimensional hy- TYNg

HereE, P, andng are energy density, pressure, and baryon
*Email address: hirano@nt.phys.s.u-tokyo.ac.jp density; 7=2x,x_=t?~ 7, ns=(1/2)logk, /x_)
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=(1/2)lod (t+2)/(t—2)], x, and y are, respectively, the & 4s
; ; .- =
proper time, the space-time rapidity, the transverse coordi-&=
nate parallel to the impact parameter vector, and the% 30
coordinate perpendicular to the reaction plane. Note thaig
V=((9X,(9y,(9,75/7-). Fluid velocities in the new coordi- 15
nate are represented in terms of, v,, and v,; Uy 5
=v, coshY;/coshlt;— 7),  vy=v,coshY;/coshit;— 79,
and v, =tanh(Y;— 9, where Y;=(1/2)lod (1+v,)/(1-v,)]
is the rapidity of a fluid element. The Lorentz gamma factor

is y=1//1—- V2 We use the same model EOS as the one
represented in Ref.15]. The EOS has a first order phase GE\
transition between the QGP phase and the hadron phase &
T.(ng=0)=160 MeV. The QGP phase is assumed to be% 30
QO
53

(a)

\\IIIIIIIII

Smus
XA

‘I
i

free gas composed of quarks with=3 and gluons. For the
hadron phase we adopt a resonance gas model, which ir
cludes all baryons and mesons up to the mass of 2 [@8Y
together with an exclude volume correctid®]. For further
details on the EOS, see Ref45,1§.

We set up initial conditions at;=0.6 fm/c. The initial
energy density is motivated by a tilted disc recently dis- (f 10 4 MNs
cussed in the context of “antiflow” or “third flow compo- 2
nent” [20,21. We assume that the longitudinal profile of
initial energy densitE(#g) at a transverse coordinate, (y) 7s>0) in Au + Au collisions at 138 GeV. (a) The initial condi-

is composed of two regions; the initial energy density is ﬂattion A. (b) The initial conditionB. The impact parametds is 2.4
near7s~0 and smoothly connects to vacuum as a half part,, gee text for details.

of a Gaussian function in the forward and backward space-
time rapidity regions. The length of a flat regidny;,; and
the width of Gaussian functiof 7g,,sare adjustable param-
eters to be determined by the experimental data ofpikeu-
doyrapidity distribution. In symmetric collisions with zero
impact parameter, we expe( n =E(— 7). On the other
hand, we shift the energy density By, which is identified

FIG. 1. Initial energy density in the reaction plang=<0 and

conditions. For the initial baryon density, we extend the pa-
rametrization by Sollfranlet al.[22], originally proposed for

central collisions, to the case for noncentral collisions. We
found that the shape of baryon density does not largely affect
the final results obtained in this paper since the produced

with the center of rapidity for each transverse coordinag matt_er "’.‘t the RHI.C energy 1s d9mmate_d~by mesons. Initial
in noncentral collisions. The difference of thickness between#ongItUdInaI flow is the Bjorken's SOIUt'.O.m’ nd TO).:O [or

two colliding nuclei for each transverse coordinate results in'i(70) = 7s] and transverse flow velocities vanigh(o)

the initial distribution like a tilted disc. We compare two =0y(70)=0. S

initial conditions in this paper. In order to reproduce a dip Figure 2 shows the pseudorapidity distribution of charged
structure of the pseudorapidity distribution observed by theParticles for central and semicentral collisions. We accumu-
PHOBOS Collaboration[23], we choose A7;,=6.0, late the contribution from particles directly emitted from
A7ngauss= 0.4, and a maximum energy densit¥

=40 GeV/fn? for the initial conditionA (IC A). The other 600 . T profim
initial condition (IC B) has a smaller flat region 7;,= 2.8, sool A— B PHOBOS data
a larger Gaussian widtA 7g,,s= 1.6, and a slightly larger Ic8 % 3504230 ae
maximum energy densit,,,.=43 GeV/fn? than the ICA. 400 T
The latter also gives a reasonable result of the pseudorapidity -

distribution. To ensure that a fluid element always starts from “|"“ 300y 1
the physical region in the EOS, we add the energy density 200} i
originated from the net baryon density to the above energy

density [22]. Both initial conditions for energy density at 1001 4 b8 9fm v
7ns=0 are very close to the model “eBC” in Ref24], i.e., ok L - . 5 4 ) f'# !

the transverse profile of energy density is in proportion to the
number of binary collisions in the transverse plane. This
model gives the similar shape of the charged particle yield g, 2. pseudorapidity distribution of charged particles in
per participating nucleon pairdNc,/d7)/(0.9N,,) @s @  Au+Au 1304 GeV central and semicentral collisions. Solid and
function of Ny, [24]. Figure 1 shows two sets of initial dashed lines correspond to initial conditiohsand B, respectively.
energy density in the reaction plane. We adopt the followingexperimental data are observed by the PHOBOS Collaboration
initial baryon density and flow velocities as common initial [23].
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FIG. 3. Scaled transverse momentum distribution of negative
pions and antiprotons in AuAu 130A GeV central and semicen- . oios in AurAu 1304 GeV collisions. The value of elliptic

tral collisions. Solid lines and dashed lines correspond to initial . ) ; )
. . . flow is averaged over all centrality. Solid and dashed lines corre-
conditionsA andB, respectively. Experimental data are observed by L . . .
spond to initial condition#\ andB, respectively. Experimental data

the PHENIX Collaboratio26]. are observed by the PHOBOS CollaboratjdZ].

FIG. 4. Pseudorapidity dependence of elliptic flow for charged

freeze-out hypersurface and feeding from resonance decaySur results and experimental data obtained by the PHOBOS
The preliminary experimental data are given by the PHO-Collaboration are shown in Fig. 4. For the K two bumps
BOS Collaboratior{23]. The PHOBOS Collaboration esti- appear af |~ 3. This structure is caused by the tilted disc
mates the average numbers of participaiNg,» ~340 for  shape, i.e., produced matter is highly deformed in forward
the 0-6 % central collisions and93 for the 35-45 % semi- and backward space-time rapidity regions. The initial energy
central collisiond23]. We choose the impact parameters 2.4density for the ICA has a “crescent” shape rather than an
fm for central and 8.9 fm for semicentral collisions. The almond shape at;J ~ 3.5 in the transverse plafi21]. Since
resultant numbers of participants based on the woundethe initial deformation of energy density for the Eis al-
nucleon model with the standard Woods-Saxon profile arenost independent of owing to a relatively large 7gauss

342 (b=2.4 fm) and 94 =8.9 fm). We first tune initial  the resultant,(7) has no bumps. To see these more clearly,
parameters to reproduce central events. By changing the inve show in Fig. 5 the initial spatial deformation as a function
pact parameter and unchanging the other parameters, we algp 7,

obtain the results for another centrality. Although theA®

the best fit to experimental data, the BJs also acceptable ((Y=Y0)*= (X—X0)?)

within error bars. It should be noted that a dip structure at ex 775):<(X_X 2t (y—yo)?) )

7n=0 results from the Jacobian of the transformation from 0 0

rapidity Y to pseudorapidityy [25]. The angular bracket represents a spatial average weighted by

In order to describe the dominant radial flow at freeze-outthe energy density in the transverse plane 7gt Here
we choose an appropriate value for freeze-out energy densitk,( 7.),yo( 7)) is a center of energy density in the trans-
so as to reproduce the slope of transverse momentum distijerse plane at fixedys. It should be noted that,=0 for
butions. In Fig. 3 we comparp; spectra of negative pions ;=0 andy,=0 in our initialization of energy density. The
and antiprotons for central and semicentral collisions withinitial deformation for the ICA has a maximum value near
experimental data measured by the PHENIX Collaboration, ~3.2, while the deformation for the 18 is almost inde-
[26]. By choosing the freeze-out energy densi®;  pendent ofy,. Thus we find the pseudorapidity dependence
=120 MeV/fn? which corresponds to the mean freeze-out
temperature(Tf)|,,s:0~ 137 MeV, our results are in very 0.7 ——

good agreement with the slope of these spectra. The resultant 0.6
mean radial flow(ur>|,7$:0 are 0.49 p=2.4 fm) and 0.41 05

(b=8.9 fm) for the ICA and 0.50 p=2.4 fm) and 0.42 04
(b=8.9 fm) for the ICB.

Finally we perform hydrodynamic simulations with vari- w03
ous impact parameters and obtain the pseudorapidity depen- 0.2
dence of elliptic flowv,(#%) for charged particles in mini- 0.1
mum bias events

o i
_01 | L L L
1 2 3 4 5
dchh Ns
bdbd¢cos2¢d d¢>(b)
va(m)= i . 3 FIG. 5. The initial spatial deformatioa, as a function ofy;.
f bdbdNCh(b) Solid and dashed lines correspond to initial conditidngand B,
d respectively.
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of elliptic flow is highly sensitive to the initial longitudinal (iii) There may exist other initial conditions for hydrody-
profile of energy density. In both cases, our results are imamic simulations which lead to be in agreement with single
reasonable agreement with experimental data only near thgarticle spectra and elliptic flow. Along the lines of thought,
midrapidity region. These results indicate that thermalizatiormore sophisticated initialization based on the nuclear thick-
is fully achieved near the midrapidity regiof{<1) and  ness function will be studied elsewhd@8].

partially in the forward and backward rapidity regions N summary, we have studied early themalization of pro-
(|7|=1). We note that oup,(p,) andv,(Nen/Nimay) in | 7| duced particles at the RHIC by using a genuine three-
<1.3 (not shown are consistent with the results shown in dimensional hydrodynamic model. Our hydrodynamic simu-

Ref. [7]; our results are consistent with the STAR dptq] Ia_tior;st_are Eerformeq in :het I_ight—colne_ coo:;jinatle.t. Slif:h
belowp~1 GeVic and aboveng/n, .~0.5. simulations become important in analyzing ultrarelativistic

Three discussions are in order here. heavy-ion collisions at the RHIC energies. We considered

(i) It is best to compare elliptic flow from hydrodynamics two sets of initial parameters in the hydrodynamic model.

with experimental data for each centrality in order to see howWe chose initial parameters so as to reproduce the pseudora-

the thermalized region increases with centrality. In additior idity and transverse momentum spectra for both central and

e semicentral collisions. By using results from these numerical
to elliptic flow, we need to analyze the transverse momentum

(mass distribution in the forward rapidity region since radial Z:Tl::gt;ﬁ)r\]; ws fac‘) Eﬂgﬁ?&”ﬁaﬁszu\?;[;pgtycgﬁ%?f? s;ce of
flow is also appropriate for checking thermalization of the Pt y . 9 2 S

system. There are no such data at present. Therefore we hoﬁlee tilted disc shape V\.’h'Ch has a large s_patlal de_formanon n
the forthcoming experimental datawjf( ») for each central- € transverse plane in the forward rapidity region. Ngar

ity or the transverse momentum distribution in the forward;(0 eﬁﬁ;;ﬁ;“g;g ?AQ;T:;B glastheevgﬁsogroescocn;lgggrta\ggz
rapidity region will reveal the dynamics of nuclear matter in P y '

the whole phase space. On the other hand, we failed to reproduce experimental data

(i) It is assumed in conventional hydrodynamic modelsin forward and backward rapidity regionfy{=1). This in-

L C dicates the early pressure is not built in forward and back-
that the sharp t tion f the hydrod ture to th . X . )
a the sharp fransition from the nhydrodynamic piture 1o e ard regions. Both theoretical and experimental detailed

noninteracting particle picture happens at the constant ten)

perature. On the other hand, the sophisticated freeze-out prgfna?%isfs tﬁg g'Sn(;u;iscid0?23‘:;9?%:;?8?%6;533'8 ;ﬂnﬁﬁg_er'
cedure yields small values of, even if thermalization sets 9 y y

in the early stage of collisiong8]. The model evolves the pidity but also at forwardbackward rapidity at the RHIC

QGP and mixed phases as a relativistic fluid, while it SNeray-

switches to a hadronic cascade mod@QMD in Ref.[8] or The author is much indebted to S. Esumi, T. Hatsuda, P.
UrQMD in Ref. [27]). The main advantage of these hybrid Huovinen, Y. Miake, K. Morita, S. Muroya, and C. Nonaka
models is that the freeze-out process is automatically infor fruitful discussions. He also thanks B. Back, S. Manly,
cluded without any assumption such as freeze-out temperand |. Park for teaching experimental aspects to him and C.
ture. These hybrid models can give sm@jl in forward or ~ Nonaka for providing him with a numerical table of EOS. He
backward rapidity regions where the multiplicity or the num- also acknowledges Inoue Foundation for Science for the fi-
ber of hadronic rescattering is small. nancial support.
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