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Highly Sensitive Centrality Dependence of Elliptic Flow: A Novel Signature
of the Phase Transition in QCD
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Elliptic flow of the hot, dense system which has been created in nucleus-nucleus collisions develops
as a response to the initial azimuthal asymmetry of the reaction region. Here it is suggested that the
magnitude of this response shows a highly sensitive dependence on the centrality of collisions for which
the system passes through a first-order or rapid transition between quark-gluon plasma and hadronic
matter. We have studied the system(PI8A GeV) on Pb employing a recent version of the transport
theoretical approach relativistic quantum molecular dynamics and find the conjecture confirmed. The
novel phase transition signature may be observable in present and forthcoming experiments at CERN-
SPS and at RHIC, the BNL collider. [S0031-9007(99)08618-4]

PACS numbers: 25.75.Ld, 24.10.Lx, 25.75.Dw

One of the most important goals of the heavy-ion pro-flow [the radial (isotropic component), directed (sideward
grams in the ultrarelativistic energy domain is the searclkick in the reaction plane), and the elliptic flow], the
for the phase transition between hadronic matter and thiatter being a preferential emission either along the impact
quark-gluon plasma (QGP). After a decade-long efforfparameter axis or out of the reaction plane (squeeze out)
based on numerous experiments at fixed-target maching8]. The general idea as to why a phase transition may
(CERN-SPS, BNL-AGS), heavy-ion physics can be conshow up in flow observables is rather straightforward.
sidered a mature field today. Thus it may seem surprisingit densities around the softest point the force driving
that there is still a shortage of reliable signatures for the eluthe matter expansion gets weakened. A long time ago
sive state QGP and the transition itself [1]. It may be easievan Hove suggested that the multiplicity dependence of
to comprehend the difficulties to identify the QGP if one average transverse momenta may display a plateau and a
takes into account that properties of the QGP and the trarsecond rise [7]. So far, it has not been possible to deduce
sition have to be reconstructed from the final state whiclthe presence of a phase transition from the transverse
obviously is of a hadronic nature. On a more fundamentamomentum spectra. Some time ago we suggested that the
level, it has become clear only recently that the properelliptic flow may be a better-suited observable to identify
ties of strongly interacting matter even far above the criti-a first-order-type phase transition [8]. Here we make
cal temperaturd,. are essentially nonperturbative. This good on this promise and present a novel signature of the
makes many of the “first-generation” QGP signals, whichQCD phase transition. We predict a rather characteristic
are based on perturbation theory, unreliable at best. centrality dependence of the elliptic flow if the created

On the other hand, information about the QGP and theystem passes through the softest region of the EOS in the
phase transition region has become available with the adieavy-ion reactions.
vent of more powerful lattice gauge simulations of quan- Elliptic flow in the central region of ultrarelativistic
tum chromodynamics (QCD) [2,3]. Most notably, it has collisions is driven by the almond shape of the participant
been shown that chiral symmetry is restored at rather lovmatter in the transverse plane [9]. It was argued in [8]
temperatures (in the range 140 to 170 MeV). Furthermorethat elliptic flow may be more sensitive to the early
the equation of state (EOS) varies rather rapidly in the tranpressure than the isotropic radial flow. “Early” and “late”
sition region. It is not clear yet whether the transition isis defined by the time scale set by the initial transverse
of weak first order or just a rapid crossover between thaizer, = /(x2 + y2) of the reaction region. Thus early
two phases. The EOS extracted from the lattice clearljlow appears at times:r,/c while we would refer to flow
displays the transition from hadron to quarkgluon degreegenerated at times2r,/c as late. One reason for the
of freedoms. Pressure and energy density approach thaerger sensitivity of the elliptic flow to early pressure is
ideal Stefan-Boltzmann values at temperatuesd.. A  that the generated flow asymmetry works against its cause
generic feature of the EOS in the transition region is theand diminishes the spatial asymmetry on a time scale
presence of the so-called “softest point of the EOS” [4,5]proportional to\/(y2) — +/{(x2). Furthermore, the elliptic
related to the effect that the energy density may jump wittasymmetry is proportional to the difference between the
increasing temperature but the pressure does not. flow strengths inx (parallel to impact parameter) and

The collective transverse flow which develops in they directions. Thus it is more fragile than radial flow.
heavy-ion collisions reflects on the properties of the EOSViscosity-related nonideal effects tend to wash out the
Usually, one distinguishes various types of transvers@ressure-driven asymmetries. Obviously, these effects
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will be more pronounced in the later dilute stages of themomentum change§p, at discrete collision points,.
reaction. Unfortunately, this could not be demonstrated inl = 3 is the number of space dimensiong, is the
the earlier work. The transport model relativistic quantumvolume of the systemAT is a sufficiently large time
molecular dynamics (RQMD) (version 2.3) [10] employedinterval, and the summation goes over all collisions.
for the calculations lacked any sizable transverse pressuendb specifies which quasiparticles collide. The standard
in the early stages—a combination of softness froncollision term in RQMD is manufactured such that it does
preequilibrium motion and absence of a QGP phase whichot contribute to the pressure. Now, we depart from this
would generate more pressure than the resonance mattédeal” collision term and let each quasiparticle interact
simulated in the model. As a result the final hadronelastically with a neighbor after any of the standard
momentum spectra showed azimuthal asymmetries muatollisions. The momentum change is constrained by
smaller than hydrodynamical results which include a

phase transition into the QGP. In the meantime, NA49 (55 7y 4+ (55,7,) = dA_P(Atsc + AR, ()
has analyzed data for semicentral( P84 GeV) on Pb p ¢

collisions [11]. The measured azimuthal asymmetries are _ . . .
[11] y [;tgf refers to the time which has elapsed since the

ast of the EOS modulating collisionsp is the density
of quasiparticles. Introducing collisions according to

roughly equally distant from the closest results base
on hydrodynamics and from the RQMD calculations

[12,13]. Both of these calculations show a factor of 2

disagreement, however, in different directions. In thisEq' (2) changes the pressure of the syst_emi§o+ AP.

Letter we present the results from calculations with aEq' (.2) prov_ldes a numerically rath_er efficient method to

new version of the transport model RQMD (version mod|fy the ideal EOS. The physics content of Eq. (2)
s that the momentum transfer may be chosen to be

3.0) which incorporates an EOS with first-order phasé. ) ) ;
transition. Comparing this to the results obtained in theelther suitably repulsive (QGP at high temperature) or

model without QGP phase we may assess the importan (t)rgctli)ve (dmixed phat_se). thFigure 1 di_splays the i?_elal
of the phase transition. ased on counting the propagating quasiparticles

Let us first describe how the phase transition is im-itr)1 RQ'\QD' (;nbain'E{ior::I, an EOS is sr:jown.twh(;ch mgy ¢
plemented into the model. A detailed description of the € produced by Introducing energy densily dependen

algorithm will be presented elsewhere. In RQMD additional interactions according to Eq. (2). This EOS is

nucleus-nucleus collisions are calculated in a MontelN® On€ which will be used for the calculations presented

Carlo-type fashion. While the nucleons from each” this Letter. It is calculated from a quasiparticle model
colliding nuclei pass through each other, they are deco c_Jlf5q1U6arksWang quoEs W'ﬂlhdyré%rgcsl therme}: mas%es
posed into constituent quarks. Strings may be excited; ™’ ]. We have chosen this ecause 1t provides

and overlapping strings fuse into ropes (with Iargeré good fit to lattice data. The EOS contains a first-

chromoelectric field strength). After their decay andogge'\rﬂtr\il;\?tgon FatTcth= IF?O |\I\//||SV V:"thl ?. Iaten:c hea;c of
fragmentation, secondaries emerge and may interact wit‘l}1 ev/im-. ror the Q "L calculations of hucleus-
|Lécleus collisions the novel interaction term is introduced

each other. Formed resonances are treated as unsta ) . X ) ) !
a local density approximation, i.e., all variables in

. . . |
quasiparticles. This leads to a resonance gas EOS g. (2) are evaluated in the local rest system of the energy

there are no corrections from other interactions. Th i . :
QCD dynamics in the phase transition region is not welicurrent. Neﬁher IS the. modulation of th.? chal pressure
ensor restricted to regions of local equilibrium nor is—

understood. Even if there is a quasiparticle descriptiorﬁh ther extrem v local ilibration enforced
it is not obvious which one of the many possible choice € other extreme-—any local equilibration entorced, €.9.,
randomizing directions of local momenta.

(strings, constituent quarks, partons, either massless . .
with dynamical masses) is to be preferred. In this situation Let_us now turn to re_sglts of RQMD calculations which
ntain a phase transition. We have chosen to do the

we have decided to stay with the implemented degrees &P . .
freedom and modify the collision term instead. Since w calculapon for the system 'P.ESA GeV) on Pb, i.e., the
expect that hydrodynamics is a reasonable approach f avy-lon reaction at the highest beam energy currently
the transverse dynamics in the ultradense stage, the E allablte. Tth's mz?;] b?. a goodl EJ_Iace ftothlook _for ttr?el
should be, in any event, the most relevant ingredient fopnase rfmS| lon. ¢ € ime e;/o ufllon of the at2|mu a
the expansion dynamics. It is well known that a different@SYMMELry parameter (momentum flow asymmetry),
treatment of interactions between quasiparticles may a2 2 2
modify the EOS. In general, if particles are free between a = (p = p)/Cp) + (pyD). (3)
mteracﬂonfprc])mts, the _vmal Flhe(_)rem_ sp_ecmes that they, quasiparticles around midrapidity is displayed in
pressure of the systelm in equilibrium is given by [14] £y 5> |t shows a very different behavior than corre-
P=Py+ —— Z (8pafa + 8puip). (1)  sponding calculations based on RQMD without QGP-type
dVAT (a,b) EOS [8]. We see from the figure that, in the case of
The first term arises from free streaming. The secon®@GP formation, essentially all of the finally observable
term represents the nonideal contributid® due to asymmetry is created at times smaller thafm/c. The
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_ _ _ ~ the created system due to the generated pressure. How-
gflee'n%e'rgyEg:ﬁgict);e %‘;V%dei;fgféi?&';ed T'Rteo d"\;(s?h'\ngi”'rr]ae“o ever, we may disentangle the effects from geometry and
represents the resonance gas EOS and the solid line represeﬂ%nam'cs' In general, the final f'OV.V asymmetrycan be
the EOS with the inclusion of a first-order phase transition withV/lewed as a function of many variables, the average
T. = 160 MeV. initial energy densityey, the transverse size, to name

just a few:

mixed phase leads to a marked dip of the asymmetry for,, = f(a,, eq, r,,..) = As(@)a, + O(ar — a@;)?),

more central collisions. Since the pressure is comparably

low, free motion between interactions is able to destroy (6)
some of the earlier created flow asymmetry. On the othefhere we have obtained the second equation from a
hand, the calculations for Semiperipheral collisions (e.g.Tay|0r expansion at about some intermediate Vﬂpand

b = 7.6 fm) show that the softening in the mixed phasetaking into account that, vanishes fora, — 0. In Pb
cannot stall the expansion of the system. Needless to sayn Pp collisionsg, varies between 0 and 0.50 for impact
this is a function of the latent heat which is very moder-parameters less than 12 fm. Picking an intermediate value
ate for the chosen EOS. The overall effect of mixed phasgf o, means that the neglected higher-order terms in
and purely hadronic Stage is rather small in a broad impa((rax — aix) are expected to be rather small in practice1 on
parameter range. Under the condition of an already wellthe order of 10%. Defining the scaled flow asymmetry as
developed flow asymmetry, diffusive processes and ther-

mal pressure driven work seem to neutralize each other Ay = vy/a, (7)

at the later stages. In the QGP scenario the azimuthglill therefore allow one to assess the dynamical response
asymmetry is indeed mostly a signature of the early presof the created system to the initial spatial asymmetry.
sure. Itis amuzing that nonideal effects from viscosity in We d|sp|ay the scaled flow asymmetsy versus im-

the IOW-denSity Stage may be helpr| to infer information pact parameteb in F|g 3. Of course, the asymmetry
about the pressure in the high-density region. factor A, will tend to vanish in the most peripheral colli-

In the following we will present the main result of sjons(h ~ 2Rpp). Initial energy densities are too small,
this Letter, the measurable azimuthal asymmetry of finahnd the system size does not sustain extended reaction
hadrons which the experimentalists usually take to be thgmes. Both for pions and for protongd, shows a pro-
number flow asymmetrys, nounced variation for smallér values. This is a result of

vy = (c092¢)), (4) the EOS softness at intermediate energy densities. How-

as a function of centrality. Tight impact parameter cutseVer nqnequilibrium effects,_ in particular, partial thermal-
can be obtained using a forward-energy trigger, such aization |n|t|§1||y and system-size dependent freeze out, also
eolay a major role. Extracted, values from hydrody-
1namic calculations [9] show essentially no centrality de-
pendence, except for the grazing collisions. This feature
s s 5 s @s in marked contrast to the transport calculatior_1 which

ay = (%) = &N/ + O, (5)  includes the nonequilibrium aspects of the dynamics.
is itself a function of the impact parameter. Trivially, Without phase transition, the asymmetry factorcal-
goes to zero for very small and very large impact parameeulated from RQMD would simply increase monoto-
ters. The value for, at any given centrality reflects both nously with centrality—approximately linearly with the
the strength of the spatial asymmetry and the response afitial system size in the reaction plane-2Rp, — b).

the participant nucleons in the ingoing nuclei
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calculation contains some uncertainties. The equation of

X protons | pions state is not well determined in the transition region. The
~ 20l L admixture of baryons in the central region and the strong
- . I preequilibrium deformation of the local stress tensor add
= ol . - ', to the uncertainties. Nevertheless, the potential rewards in
8 - oo terms of insight into the phase transition dynamics should
< | PofPo " . justify a careful search for structure in the centrality

o

L dependence of elliptic flow at SPS and future RHIC
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FIG. 3. Scaled azimuthal asymmetry parameter= v,/a, FG02-88ER40388
of protons and pions as a function of an impact parameter for . : .
the same system and acceptance window as in Fig. 2. Note added—After completion of the manyscrlpt the
author became aware of a recent work [18] in which the
influence of a first-order transition on elliptic flow is also
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