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Abstract We examine the space-time structure of particle-emitting source and two-pion interferometry in a

smoothed hydrodynamic model with fluctuating initial conditions. An equation of state with a crossover tran-

sition between quark-gluon plasma and hadronic gas is adopted in the description of the system evolution. We

find that the fluctuating initial conditions lead to inhomogeneous particle-emitting sources. The interferometry

results of Rs and Ro indicate that both the source size and the duration of pion emission decrease when the

freeze-out temperature increases. The values of Ro/Rs obtained by our simulated two-pion interferometry are

consistent with the previous results of smoothed particle hydrodynamics, and smaller than those calculated in

usual hydrodynamic models.
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1 Introduction

Hydrodynamics has been extensively used in high

energy heavy ion collisions to describe the system

evolution [1–4]. After assuming an equation of state

(EOS), the hydrodynamic approach can provide a di-

rect link between the early states of the hot and dense

matter and final observable quantities in the colli-

sions. In usual hydrodynamic models, the initial con-

ditions are treated as smoothed distributions. How-

ever, the initial matter distribution on event-by-event

basis is far from being smoothed and with large fluc-

tuation. This large fluctuation may lead to an inho-

mogeneous particle-emitting source and finally affect

the source space-time observables [5–9]. It is inter-

esting to investigate the space-time structure of the

system with this initial fluctuation and its effect on

the space-time observables.

Two-pion Hanbury-Brown-Twiss (HBT) interfer-

ometry is a valid tool for probing the space-time

structure of particle-emitting sources [10–13]. In

Ref. [6] a two-pion HBT analysis is applied to the

hydrodynamic evolution sources at RHIC energy and

with the fluctuating initial conditions. The authors

use a smoothed particle hydrodynamic code, NEX-

SPHERIO [14–16], to describe the source evolution

and calculate the HBT correlation functions with the

distribution function f(x,k) of the source [6]. The

EOS they used has a first-order phase transition be-

tween the quark-gluon plasma (QGP) and hadronic

gas. In this paper, we will use NEXSPHERIO with a

more realistic EOS of crossover transition to describe

the source evolution. We will examine the inhomoge-

neous space-time structure of the sources directly and

apply a simulated two-pion HBT analysis [17, 18] to

the sources. All of our analyses are aimed at gold-gold

collision at
√

s
NN

= 200 GeV.

The paper is organized as follows. In Sec. 2, we in-

troduce the NEXSPHERIO briefly and examine the

inhomogeneous space-time structure of the system.

In Sec. 3, we investigate the two-pion HBT correla-

tions in NEXSPHERIO model with different impact

parameters and freeze-out temperatures. We extract

the HBT radii for the sources with different condi-
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tions and compare them with that in usual hydrody-

namical models and experimental data. Finally, the

conclusions are given in Sec. 4.

2 Space-time structure of the system

in NEXSPHERIO model

NEXSPHERIO is a combination of NEXUS and

SPHERIO codes, where NEXUS gives the initial con-

ditions of the collisions on event-by-event basis [19]

and SPHERIO describes the system evolution with

smoothed particle hydrodynamics [14–16]. The initial

quantities provided by NEXUS are event-by-event

fluctuated. Smoothed particle hydrodynamics is suit-

able for realing the system evolution with large fluc-

tuating initial conditions [14–16]. It has been used in

high energy heavy ion collisions for a wide range of

problems [6, 8, 14–16, 20–22].

We first consider two kinds of EOS. The first

one, EOS-., has a first-order phase transition at

Tc = 160 MeV between the QGP and hadronic res-

onance gas as used in the NEXSPHERIO version in

Refs. [6, 14–16]. The second one, EOS-/, is obtained

by smoothing the EOS-. in the transition region

with the entropy density suggested by QCD lattice

results [17, 23–25]. Fig. 1 shows the relations of the

thermodynamical quantities for the systems evolving

with the EOS-. (grey) and EOS-/ (black), where s,

ε, P are entropy density, energy density, and pressure

of the system. The width of the transition ∆T for

the EOS-/ is taken to be 0.1Tc [25].

In Fig. 2 we show the evolution of NEXSPHE-

RIO events for
√

s
NN

= 200 GeV Au+Au collisions

with the EOS-. and EOS-/. Figs. 2(a), (b), (c)

and (d) are the pictures of the transverse distribu-

tions of energy density for one NEXSPHERIO event

in the collision with impact parameter b = 0 fm and

evolving with EOS-.. The pictures are taken for

the region (|x,y| < 12 fm and |z| < 0.83 fm) and at

t = 1,4,7, and 10 fm/c with an exposure of ∆t =

0.3 fm/c. Figs. 2(a′), (b′), (c′) and (d′) are the pic-

tures for the event with the same initial conditions

but evolving with EOS-/. One can see that the sys-

tems are inhomogeneous in space and time. There

are many “lumps” in the systems both for the events

evolving with the EOS-. and the EOS-/. Because

the transition between the QGP and hadronic gas is

likely of crossover type in the heavy ion collisions at

RHIC energy [26, 27], we will use only the EOS-/ in

our calculations later.

Fig. 1. (a) entropy density s, (b) energy density ε, (c) pressure P , and (d) P/ε of the systems evolving with

EOS-. (grey) and EOS-/ (black).
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Fig. 2. Transverse distributions of energy density of the events evolving with EOS-. ((a)–(d)) and EOS-/

((a′)–(d′)) at different times for
√

s
NN

= 200 GeV Au+Au collisions, b =0 fm. The unit of energy density is

GeV/fm3.
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Figure 3 shows the pictures of the transverse dis-

tributions of energy density for events with different

impact parameters. One can see that both the system

size and the number of lumps in the system decrease

with the impact parameter increasing.

Fig. 3. Transverse distributions of energy den-

sity of the systems with different impact pa-

rameters at t = 7 fm/c. The unit of energy

density is GeV/fm3.

3 Two-pion HBT analysis

Assuming that the final identical pions are emit-

ted at the space-time configuration characterized by

a freeze-out temperature Tf , we can generate the pion

momenta pi(i = 1,2) according to Bose-Einstein dis-

tribution and construct the two-pion correlation func-

tion C(qo, qs, ql) in model calculations [7, 18]. Here qo,

qs, and ql are the components of “out”, “side”, and

“long” of relative momentum of pion pair [28, 29].

The HBT radii are extracted by fitting the correlation

function with the following parametrized correlation

function:

C(qo, qs, ql) = 1+λ exp(−q2
oR

2
o−q2

s R
2
s −q2

l R
2
l ) . (1)

In Fig. 4 we show the two-pion correlation func-

tions C(qo, qs, ql) for different impact parameters in

our calculations with NEXSPHERIO. The freeze-out

temperature is taken to be 150 MeV. For each impact

parameter, we generate 40 single events, each of them

provides Nππ = 106 correlated pion pairs in the rela-

tive momentum region (qo, qs, ql 6 200 MeV/c). The

numbers of the pion pairs in the relative momentum

regions (qi 6 200 MeV/c; qj,k 6 30 MeV/c) are about

2.7%Nππ, where i, j, and k denote the directions of

“out”, “side”, and “long”. In Fig. 4, the dot-dashed,

dashed, and solid lines are the corresponding fitting

curves.

Figures 5(a), (b), (c), and (d) show the fit re-

sults Ro, Rs, Rl, and Ro −Rs for different freeze-out

temperatures and as a function of impact parame-

ter. From Fig. 5(a), (b), and (c) we can see that the

HBT radii decrease with impact parameter increas-

ing. The reason is that the source size decreases when

the impact parameter increases. Because the source

size is larger at lower temperature, the HBT radii

for lower freeze-out temperature are larger than those

for higher freeze-out temperature. The difference be-

tween the HBT radii Ro and Rs includes the informa-

tion about the duration of pion emission δτ [11, 30]:

R2
o ≈R2

s +β2
T(δτ)2 , (2)

where βT is the average transverse velocity of the pair.

For a certain impact parameter, the difference be-

tween Ro and Rs increases with the decrease of the

freeze-out temperature. This is because that the av-

erage pair velocity and freeze-out time are larger for

a lower Tf . For a larger impact parameter, the energy

density and size of the source are smaller. This leads

to smaller βT and δτ , and then smaller Ro−Rs.

In Fig. 6 we exhibit the Ro, Rs, and Ro/Rs as

a function of KT = (p1T + p2T)/2 obtained by our

simulated calculations with NEXSPHERIO. We also

plot the RHIC experimental data [31] for compari-

son. One can see that the KT dependence either of

the Ro or Rs is flatter than that of the corresponding
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Fig. 4. Two-pion correlation functions in NEXSPHERIO model. The symbols ◦, M, and ∗ are for b =0 fm,

b =5 fm and b =10 fm, respectively. The lines are the fitting curves.

Fig. 5. The HBT radii for different freeze-out temperatures and impact parameters. The symbols ◦, M, and

∗ are for the freeze-out temperatures Tf =150 MeV, Tf =130 MeV and Tf =110 MeV, respectively.
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Fig. 6. Two-pion HBT radii as a function of

KT. The symbols ◦ and M are for Tf =150

and 130 MeV. The symbols ∗ are the RHIC

experimental data of STAR [31].

experimental data. It is consistent with the other

hydrodynamical calculations [6, 32, 33] although the

continuous emission model can lead to a more mT de-

pendence of Rs [6]. From Fig. 6(c) it can be seen

that the values of Ro/Rs for the higher freeze-out

temperature are smaller, which reflects the smaller

duration of pion emission for the higher Tf condition.

Our HBT results of the ratio Ro/Rs are between 1.0

and 1.4. They are consistent with the previous re-

sults in the NEXSPHERIO model [6] and smaller

than those of the hydrodynamical calculations with

smoothed initial conditions [32, 33]. Recently, a gra-

nular source model of QGP droplets evolving hydro-

dynamically [7] and a hydrodynamical model with

Gaussian initial energy distribution and a very high

initial central temperature [34] can reproduce the

experimental transverse-momentum spectra, elliptic-

flow, and HBT radii in the collisions of
√

s
NN

= 200

GeV Au+Au. Comparing the HBT results as well as

other observables in these models and investigating

the reasons of their differences will be of interest in

the future.

4 Conclusion

We examine the space-time structure of the

particle-emitting source and two-pion interferome-

try in the NEXSPHERIO model with a crossover-

transition EOS. In an event-by-event basis, the initial

matter distribution in high energy heavy ion collisions

is fluctuated. This kind of fluctuating initial condi-

tions lead to inhomogeneous particle-emitting sources

with granular-lump structure. The number of the

lumps is larger for the event with smaller impact pa-

rameter.

By applying the interferometry analysis for sim-

ulated two-pion correlation events, we find that the

HBT radii increase with the decrease of the freeze-out

temperature Tf and impact parameter b. The dif-

ference between the HBT radii Ro and Rs increases

with the decrease of Tf because the average pair ve-

locity and freeze-out time are larger for a lower Tf .

For a larger b, the smaller energy density and source

size lead to smaller Ro −Rs. The KT dependence

either of the Ro or Rs in our calculations is flatter

than that of the corresponding experimental data,

and consistent with the other hydrodynamical cal-

culations [6, 32, 33]. Our results of Ro/Rs are be-

tween 1.0 and 1.4. They are consistent with the previ-

ous results in the NEXSPHERIO model and smaller

than those of the hydrodynamical calculations with

smoothed initial conditions [32, 33]. Comparing the

HBT results as well as other observables in different

hydrodynamical models and investigating the reasons

of their differences will be of interest in the future.
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