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phase transition in local equilibrium, proceeding through
the formation of a mixed phase. Smaller radii and emis-
sion times may result for a crossover [4,14] or for a rapid
out-of-equilibrium phase transition similar to spinodal
decomposition [15]. Cylindrically symmetric transverse
expansion and longitudinally boost-invariant scaling 
ow
are assumed [4,13,16]. This approximation should be rea-
sonable for central collisions at high energy, and around
midrapidity. The model reproduces the measured pT -
spectra and rapidity densities of a variety of hadrons atp
s = 17:4A GeV (CERN-SPS energy), when assuming

the standard thermalization (proper) time �i = 1 fm/c,
and an entropy per net baryon ratio of s=�B = 45 [16,17].
Due to the higher density at midrapidity, thermalization
may be faster at BNL-RHIC energies { here we assume
�i = 0:6 fm/c and s=�B = 200. (With these initial con-
ditions preliminary results on the multiplicity, the trans-
verse energy, the pT -distribution of charged hadrons, and
the p=p ratio at

p
s = 130A GeV are described quite

well [16,17]; HBT correlations of pions at small relative
momenta do not depend sensitively on these initial condi-
tions [7].) The later hadronic phase is modeled via a mi-
croscopic transport model that allows us to calculate the
so-called freeze-out, i.e., the time and coordinate space
points of the last strong interactions of an individual par-
ticle species, rather than applying a freeze-out prescrip-
tion as necessary in the pure hydrodynamic approach.
Here, we employ a semi-classical transport model that
treats each particular hadronic reaction channel (forma-
tion and decay of hadronic resonance states and 2 ! n

scattering) explicitly [18]. The transition at hadroniza-
tion is performed by matching the energy-momentum
tensors and conserved currents of the hydrodynamic so-
lution and of the microscopic transport model, respec-
tively (for details, see [17]). The microscopic model prop-
agates each individual hadron along a classical trajec-
tory, and performs 2! n and 1! m processes stochas-
tically. Meson-meson and meson-baryon cross sections
are modeled via resonance excitation and also contain an
elastic contribution. All resonance properties are taken
from [19]. The �K cross section for example is either
elastic or is dominated by the K�(892), with additional
contributions from higher energy states. In this way,
a good description of elastic and total kaon cross sec-
tions in vacuum is obtained [18]. Medium e�ects on the
hadron properties, as for example recently studied by hy-
drodynamical calculations employing a chiral equation of
state [14], are presently neglected. For further details of
this dynamical two-phase transport model, we refer to
refs. [16,17].
For the following correlation analysis, a coordinate sys-

tem is used in which the long axis (z) is chosen par-
allel to the beam axis, where the out direction is de-
�ned to be parallel to the transverse momentum vector
KT = (p1T + p2T)=2 of the pair, and the side direction
is perpendicular to both. Due to the de�nition of the out

and side direction, Rout probes the spatial and temporal

extension of the source whileRside only probes the spatial
extension. Thus the ratio Rout=Rside gives a measure of
the emission duration (see also eqs.(1)-(3) and discussion
below). It has been suggested that the ratio Rout=Rside

should increase strongly once the initial entropy density
si becomes substantially larger than that of the hadronic
gas at Tc [4]. The Gaussian HBT radius parameters are
obtained from a saddle-point integration over the classi-
cal phase space distribution of the hadrons at freeze-out
(points of their last (strong) interaction) that is identi�ed
with the Wigner density of the source, S(x;K) [6,8,20].

R2
side(KT) = h~y2i(KT) ; (1)

R2
out(KT) = h(~x� �t~t)

2i(KT) = h~x2 + �2t ~t
2 � 2�t~x~ti ; (2)

R2
long(KT) = h(~z � �l~t)

2i(KT) ; (3)

with ~x�(KT) = x� � hx�i(KT) being the space-
time coordinates relative to the momentum depen-
dent e�ective source centers. The average in (1)-(3)
is taken over the emission function, i.e. hfi(K) =R
d4xf(x)S(x;K)=

R
d4xS(x;K). In the osl system � =

(�t; 0; �l), where � = K=EK and EK =
p
m2 +K2. Be-

low, we cut on midrapidity kaons (�l � 0), thus the radii
are obtained in the longitudinally comoving frame. In the
absence of ~x-~t correlations, i.e. in particular at smallKT ,
a large duration of emission �� =

ph~t 2i increases Rout

relative to Rside [2{4].
The absolute values of the kaon radii determined by

the above expressions (1)-(3) are considerably smaller
than the pion radii, especially at low KT . The pion radii
are larger than a factor of two at low KT (� 400MeV)
while at higher KT the values become similar. This is
due to the resonance source character of mesons. Mi-
croscopic transport calculations show that at SPS en-
ergies (

p
s = 17:4AGeV) about 80% of the pions are

emitted from various resonances [21]. This leads to a
strong substructure of the freeze-out distributions [21],
e.g. strongly non-Gaussian tails. The ratio Rout=Rside

for kaons is shown in Fig. 1. The bag parameter B is
varied from 380 MeV/fm3 to 720 MeV/fm3, (i.e., the la-
tent heat changes by � 4B), corresponding to critical
temperatures of Tc ' 160 MeV and Tc ' 200 MeV, re-
spectively. A change of Tc implies a variation of the longi-
tudinal and transverse 
ow pro�les on the hadronization
hypersurface (which is the initial condition for the sub-
sequent hadronic rescattering stage). We �nd Rout=Rside

to be smaller at the same (small) transverse momentum
KT than the same ratio for pions because of the larger
mass of the kaons. At the same low KT , the velocities
of kaons are considerably smaller than those of the pi-
ons. Accordingly, the temporal contribution to Rout in
equation (2) (�2t h~t2i) is smaller which eventually leads
to a smaller ratio Rout=Rside for kaons at the same low
KT [22]. Thus, for kaons, the ratio increases gradu-
ally compared to the rather rapid increase for the pi-
ons. While for pions the ratio Rout=Rside is predicted
to reach a value of 1.5 already at KT � 150MeV� m�

2



[7] the kaon ratio Rout=Rside rises to 1.5 only around
KT � 450MeV � mK. This is again due to the larger
mass, that yields smaller 
ow velocities at smaller KT

than for the pions.
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FIG. 1. Rout=Rside as obtained from eqs. (1) and (2) for

kaons at RHIC (full symbols) and at SPS (open symbols), as

a function of KT for critical temperatures Tc ' 160MeV and
Tc ' 200MeV, respectively. The lines are to guide the eye.

The sensitivity of the value of Rout=Rside on the crit-
ical temperature Tc increases strongly with KT . Higher
Tc speeds up hadronization but on the other hand pro-
longs the dissipative hadronic phase that dominates the
HBT radii. Moreover, in the lower Tc case, direct emis-
sion and immediate freeze-out from the phase boundary
becomes important at large KT (� 1GeV/c). In other
words, the hadronic environment gets less opaque for di-
rect emission. The resonance contribution for the kaons
is still quite large, decreasing with KT from 70 to 50%
for Tc ' 160MeV. However, most of these kaons are from
K�(892) decays with the K� having a moderate lifetime
of � � 4 fm/c. Elastic scatterings prior to freeze-out con-
tribute on the order of 20%. The direct emission from the
phase boundary, i.e., the kaon did not su�er further colli-
sions in the hadron gas after the particle had hadronized,
increases strongly (approximately linearly with KT ) for
Tc ' 160MeV up to 30% at KT = 1GeV/c. For the
higher Tc ' 200MeV hadronization is earlier, thus the
hadronic phase lasts longer and the system gets rather
opaque for direct emission. This direct emission com-
ponent is not present in pure ideal hydrodynamical cal-
culations (e.g. [22]) for which all particles, also at high
KT , are in (local) thermodynamical equilibrium. Thus,
there is no possibility for direct emission from the phase
boundary and escaping the hadronic phase unperturbed.
Finally, we calculate the HBT parameters by perform-

ing a �2 �t of the three-dimensional correlation function
C2(qout; qside; qlong) to a Gaussian as

C2(qo; qs; ql) = 1 + � exp(�q2oR2
o � q2sR

2
s � q2l R

2
l ) : (4)

The correlation functions are calculated from the phase
space distributions of kaons at freeze-out using the cor-

relation after burner by Pratt [2,20]. It is assumed that
the particles are emitted from the large system indepen-
dently, which allows to factorize the N -boson production
amplitude into N one-boson amplitudes A(x). Then, the
emission function is computed as the Wigner tranform
S(x;K) =

R
d4y eiy�KA�(x + y=2)A(x � y=2). The two-

boson correlation function is given by

C2(p;q)� 1 =
R
d4xS(x;K)

R
d4yS(y;K) exp (2ik � (x� y))

R
d4xS(x;p)

R
d4xS(y;q)

'
R
d4xS(x;K)

R
d4yS(y;K) exp (2ik � (x� y))

j R d4xS(x;K)j2 ; (5)

where 2K = p+q, 2k = p�q, and 2k0 = Ep�Eq. The
second line in (5) holds in the limit where the width of
the correlation function is small such that p � q � K.

TC=160 MeV
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O
,

R
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R
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Kaons

KT (GeV/c)

Au+Au at RHIC

FIG. 2. Kaon HBT-parameters Rout (circles), Rside

(squares), Rlong (diamonds) and � � 10 (triangles) as obtained

from a �2 �t of C2 (eq. (5)) to the Gaussian ansatz (eq. (4)) for

Au+Au collisions at RHIC as calculated with Tc ' 160MeV

(top) and Tc ' 200MeV (bottom). Full and open circles cor-

respond to calculations with and without taking momentum

resolution e�ects into account, respectively.

Given a model for a chaotic source described by
S(x;K), such as the transport model described above,
eq. (5) can be employed to compute the correlation func-
tion. While the expressions (1)-(3) based on an Gaussian
ansatz yield larger values for the pion radii than perform-
ing a �t to the correlation functions, for the kaon trans-
verse radii, similar results are obtained with both meth-
ods. Only Rlong is expected to be larger if determined by
(3) similar as for the pions because here the non-Gaussian
contribution is mainly driven by the longitudinal expan-

3



sion dynamics that is similar for pions and kaons [23].
Kaons are better candidates for the Gaussian expressions
because not only fewer resonance decays are expected to
be important for the freeze-out but, moreover, because
long-living resonance decays do not play a role as in the
pion case. For Tc ' 200MeV, Rout is only approximately
1 fm larger than in the Tc ' 160MeV case. This re
ects a
fact already known from the pions. Higher Tc leads to an
earlier hadronization, thus causing a prolonged hadronic
phase. When taking �nite momentum resolution (f.m.r.)
into account, the true particle momentum p obtains an
additional random component. This random component
is assumed to be Gaussian with a width Æp. The relative
momenta of pairs are then calculated from these modi�ed
momenta. However, the correlator is calculated with the
true relative momentum. While Rout remains constant
or even slightly increases with KT when calculated with-
out f.m.r., it drops if a f.m.r. of � 2% of the center of
each KT bin is considered, a value assumed for the STAR
detector [9]. Accordingly, the discrepancies w/o f.m.r. in-
crease with KT . The f.m.r. leads to smaller radii. Rout

is strongly reduced while Rside shows a moderate reduc-
tion. Thus, the Rout=Rside ratio is considerably reduced
through the f.m.r.. For example, in the Tc ' 200MeV
case, it is reduced from 1:8 to 1:35. However, it is always
larger than one. The � parameter is roughly constant as
function of KT for Æp=p = 0 but it decreases rapidly with
a f.m.r.. This decrease is also seen in recent experimental
data at the SPS for Pb+Pb collisions at

p
s = 17:4AGeV

[24]. The correlation strength is transported to larger q

values by the f.m.r. e�ects.
We have calculated kaon HBT parameters for Au+Au

collisions at RHIC energies, assuming a �rst-order phase
transition from a thermalized QGP to a gas of hadrons.
No unusually large radii are seen (Ri � 10 fm). A strong
direct emission component from the phase boundary is
found at high transverse momenta (KT � 1GeV/c)
where also the sensitivity to the critical temperature,
the latent heat and speci�c entropy of the QGP is en-
larged. Finite momentum resolution e�ects reduce the
true HBT parameters and the ratio Rout=Rside substan-
tially. Kaon results from RHIC at high KT will provide
an excellent probe of the space-time dynamics close to the
phase-boundary and to the properties of this prehadronic
state, possibly an equilibrated Quark-Gluon-Plasma.
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