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Abstract We examine the two-pion Hanbury-Brown-Twiss (HBT) interferometry for the expanding sources of quark-gluon plasma
evolution with the Bjorken cylinder geometry. The two-pion HBT correlation functions are calculated using quantum probability ampli-
tudes in a path-integral formalism and the HBT radius is extracted both for the expanding source and the static source. We find that the
HBT radius for the freeze-out emission case is substantially greater than that for the case without absorption of multiple scattering. The

expanding velocity of the source leads to a smaller HBT radius. The effect of expanding velocity for the Bjorken cylinder source with

zero width of the transition temperature is smaller than those of the corresponding spherical source.
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Two-pion Hanbury-Brown-Twiss( HBT) interferometry has
been used extensively to probe the space-time structure of
heavy ion collisions'" . In ultra-relativistic central nucleus-nu-
cleus collisions, soon after the collision of the two nuclei at
(z,t) = (0,0), the energy density is expected to be suffi-
ciently high to form a system of quark-gluon plasma( QGP) in
the central rapidity region[m] .In Bjorken cylinder model!?!,
the plasma goes to local equilibrium at the proper time 7.
Then, it evolves according to the laws of hydrodynamics. As
the plasma expands, its temperature drops down and the
hadronization of the plasma will take place at a later time.
The hadrons will stream out of the collision region when the
temperature falls below the freeze-out temperaturem’ﬂ .

In Refs. [4,5], Wong developed the theory of two-pion
interferometry of quantum probability amplitudes in a path-in-
tegral formalism and investigated the effects of the collective
expansion of source and the multiple scattering of particles on
two-pion interferometry. In Refs.[6,7] we examined the two-
pion interferometry for the expanding source of hadronic gas
with finite baryon density and for the spherical quark-gluon

plasma evolution sources using quantum probability amplitudes
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in a path-integral formalism. In this paper, we shall use the
same way to examine the two-pion interferometry for the ex-
panding sources which come from the Bjorken cylinder quark-
gluon plasma evolution. We shall restrict our consideration to
the particles emitted from the central rapidity region with zero

8,9]

net baryon density and follow Rischke and Gyulassy[ using

the equation of state of entropy density suggested by QCD lat-

tice datal'®!!

1'to describe the system of quark-gluon plasma.
Once the equation of state and the initial condition are known,
the solution of the expansion and hadronization process can be
obtained by relativistic hydrodynamics without complicated
microscopic details'®°! . Then, the two-pion correlation func-
tion can be calculated by using quantum probability ampli-
tudes in a path-integral formalism, after knowing the dynamical
solution'* 7,

At zero net baryon density, the entropy density as a func-
tion of temperature can be expressed ast® 11

3

= (7] (1+ j‘;+ Zitar}h[ L)

where dg and dy are the degrees of freedom in the quark-glu-

on plasma phase and the hadronic phase, T, is the transition
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temperature, s, is the entropy density at T,,and AT (between
0and 0.17,) is the width of the transition' ). Once s(T)
in Eq. (1) is known one can obtain the pressure p, energy

density ¢, and sound velocity cg from the following relations as

in Refs.[8,9]

p:JOTdT's(T'), e=Ts - p, cé:%f. (2)
In our calculations, we take do =37, dy=3, T, =160 MeV
as in Refs.[8,9], and consider the two QGP systems of AT
= 0(an exact first-order transition) and AT =0.1T,,and the
ideal pion gas system with the equation of state p = ¢/3 for
comparison.

The energy monentum tensor of a thermalized fluid cell

in the center-of-mass frame of the source is®% 1213

T(x) =Le(x) + p(x) Ju(x) u’(x) - p(x) g, (3)
where x is the space-time coordinate, u* = y(1,v) is the 4-
velocity of the cell,and g is the metric tensor. From the lo-

cal conservation of energy and momentum, one can get the

equations for the Bjorken cylinder geometry ast®?)
QE+3,[(E+p)v]=-F, (4)
oOM+3,(Mv+p)=-G, (5

where r indicates the transverse radial coordinate of the
cylinder, F = ™ M=T",

F=(Z+d)(E4p), e=(L+1)u. (o
For the Bjorken cylinder, the above equations describe the
system’s evolution in the transverse direction (“7” direc-
tion) at z = 0, and due to the assumption of longitudinal
boost invariance!?’ , the hydrodynamical solution for arbi-
trary z can be easily obtained by a Loreniz boost with ra-
pidity % = Artanh( 2/t)3890

We assume the initial conditions as

0, r<rg,
(z0rr) =4 ™

e(ro,r)={0, r>rg, 1, r>rg,

and take ¢y =1.875T,s.,79=0.1rq as in Ref.[8],and
choose ro=6.0 fm in our calculations. In order to solve
Eqs.(4) and (5), we first use the HLLE scheme!8! 1o

obtain the solutions of the equations for F = G =0.Then,
(8,9,14] for

(8]

€0y r<r0,

we employ the Sod’s operator splitting method
each time step to obtain the complete time evolution of the
system . The grid spacing for the HLLE scheme is taken as
Ar=0.0lry, the time step width for the HLLE scheme
and Sod’s method corrector step is At = 0. 99A 8], Figs.

1(1),(2),and (3) show the temperature profiles for the
evolution systems of AT =0,AT =0.17,, and the ideal
gas. Figs.1(1’),(2'),(3’) show the transverse velocity
profiles, and Figs. 1(1”),(2"), (3") show the isotherms
for the three systems, respectively. The temperature pro-

files and the isotherms are consistent with the resulis of
Ref.[8](see the Fig.8 of Ref.[8]).
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Fig.1. (1,1'),(2,2'), and (3,3’) are the temperature and

transverse velocity profiles for the systems of AT =0,AT=0.1T,
and the ideal gas at different times ¢, = 7o + 0. 6ndrg,
respectively, where 7= 0.1rg, n=0,1,2,3,4,5,4 =0.99.
(1"),(2") and (3") show the isotherms for the three systems.
The two-particle HBT correlation function is defined
as the ratio of the two-particle momentum distribution
P(ky, ky)to the product of the single-particle momentum
distribution P(k;) P(k,). Using quantum probability am-
plitudes in a path-integral formalism, the correlation func-

tion C(kl,kz) =P(k1,k2)/P(k1)P(k2) can be writ-

ten as (47

. : ?
Hd“x el(kl‘kz)'x+L¢c(x’klkz)zoeff(x;klkz) ’

(8)
where $,(x, k1k,)is a phase from the collective expan-

sion of the source and p. is the effective density

—ZIm‘j’s(x) finit(Kl’x)ﬂnit(Kz,x) (9)

v P(ky) P(ky)

In Eq.(9) ,e_zlm’és(")is the absorption factor due to mul-

€

Peff(x;klkz) =

tiple scattering, fi..(x, x) = ,o(x)Az(/c(x),x) is the
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phase-space distribution of the pion-emitting source , which
is proportional to the Bose-Einstein distribution in the lo-
cal frame, p( x) is the pion-source density,and A(x(x),
x) is the magnitude of the amplitude for producing a pion
with momentum « at x. It can be seen that the effective
density is related to the phase-space distribution of the pi-
on-emitting source , modified by an absorption factor arising
from multiple scattering* ") . The two extreme cases of the
absorption of multiple scattering are the pions without ab-
sorption after production and with a strong absorption
which leads to a freeze-out emission!®! . In this paper we
calculate the correlation functions for the three kinds of
cylindrical evolution sources, AT =0,AT =0.1T,, and
the ideal gas, and consider only the two exireme cases of
the absorption of multiple scattering as in Ref.[7] for the
spherical expanding sources. We first construct the two-
dimension correlation function C(gq, q¢),(q = | (k; -
ky)rl,qo=1E((ky) — E;(ky) 1), from P(ky, ky) and
P(ky) P(k,) by summing over k; and k, for each (gq,
go) bin with the limitation | (k; - k), | <15 MeV/c.
Then, we obtain the one-dimension transverse correlation
function C(g) by integrating C(q, go) over gq within g
<20MeV.
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Fig.2. The two-pion correlation functions for the Bjorken cylinder
expanding sources of AT=0(1 and 1'),AT=0.1T,(2 and 2’),
and the ideal gas (3 and 3') for the freeze-out temperatures T;=0.7
T.and 0.97,. The symbols of bullets and circles are for the cases
without absorption and with the freeze-out emission, respectively.

Figs.2(1,2,3) and (1’,2’,3') show the transverse
correlation function C(¢q) of the three kinds of cylindrical
expanding sources for the freeze-out temperatrue 77 =0.7

T, and 0.9T,, respectively. The symbols of bullets and

circles are for the two cases without absorption and with
the freeze-out emission. The solid and dashed lines are
the corresponding fitted curves with the parametrized cor-

relation function as

2.2
C(q)=1+/1e_qR. (10)
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Fig.3. Two-pion HBT resulis for the three kinds of sources of

AT=0,AT=0.1T,, and the ideal gas. The symbols of bullets
and circles are the results of the expanding sources for the cases
without absorption and with the freeze-out emission. The symbols of
solid triangles and open triangles are the results of the corresponding

“static” sources for the two cases, respectively.

Fig. 3 gives the fitted resulis of R and A in Eq.
(10) , where the symbols of bullets and circles are the re-
sults of the expanding sources for the two cases without
absorption and with the freeze-out emission, respectively.
In order to investigate the effect of expanding velocity of
source on the HBT radius, we also examine the two-pion
interferometry for the corresponding “ static” sources,
which have the same density disiributions as the expanding
sources but the expanding velocities of the sources are
forced to be zero” . In Fig.3, the symbols of solid trian-
gles and open triangles are the results of these “static”
sources, for the cases without absorption and with the
freeze-out emission, respectively. It can be seen that the
HBT radius for the freeze-out emission case is substantial-
ly greater than that for the corresponding case without ab-
sorption, as for the spherical evolution sources'’) . Also as
we observed for the spherical evolution sources!”] , the ex-

[15) , and

panding velocity leads to a smaller HBT radius
this effect is greater at the lower freeze-out temperature

because the average expanding velocity of the source is
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larger at the lower freeze-out temperature than that at the
higher freeze-out temperature.

For the spherical source of AT = 07! , one can find
that there is a shock velocity during the transition from
QGP to the hadronic phase (see Fig. 1(1”) of Ref. [7]),
and it leads to a greater effect of the expanding velocity on
HBT radius at the lower freeze-out temperature (see Fig.3
of Ref.[7]) . However, for the Bjorken cylinder source of
AT =0 there is not the shock velocity, so the effect of the
expanding velocity on HBT radius is smaller. Because the
average expanding velocity of the Bjorken cylinder source
of the ideal gas is larger than those of the other two, the
effect of expanding velocity for the ideal gas source at the
lower freeze-out temperature is greater. It is different from
the results of the spherical sourcest”) .

In summary, we examine the two-pion interferometry
for the Bjorken cylinder evolution sources of the QGP with
the equation of state of eniropy density and the ideal pion
gas with the equation of state p = ¢/3. The evolution of
the sources is described by relativistic hydrodynamics and

the HBT radius is obtained using quantum probability am-
plitudes in a path-integral formalism. We find that as for
the spherical evolution sources'”), the HBT radius for the
freeze-out emission case is substantially greater than that
for the case without absorption. The expanding velocity of
source leads to a smaller HBT radius and this effect is im-
portant when the freeze-out temperature is low. The influ-
ence of the expanding velocity for the Bjorken cylinder
source of AT = 0O is smaller than that for the ideal gas
source, which is different from the results of the corre-
sponding spherical source. An advantage of the two-pion
interferometry of quantum probability amplitudes in a path-
integral formalism is that it can consider the effects of the
collective expansion of the source and the multiple scatter-

[4=61 | For the multiple scattering we

ing of the particles
only considered two extreme cases in this paper. A more
detailed investigation for this effect will be of great inter-
est.

We thank Cheuk-Yin Wong for valuable discussions .
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