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Correlation search for coherent pion emission in heavy ion collisions
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The methods allowing us to extract the coherent component of pion emission conditioned by the formation
of a quasiclassical pion source in heavy ion collisions are suggested. They exploit a nontrivial modification of
the quantum statistical and final state interaction effects on the correlation functions of like and unlike pions in
the presence of the coherent radiation. The extraction of the coherent pion spectrum fromp1p2 andp6p6

correlation functions and single-pion spectra is discussed in detail for large expanding systems produced in
ultrarelativistic heavy ion collisions.
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I. INTRODUCTION

The hadronic observables, such as single- or multipart
hadron spectra, play an important role in the studies of
trarelativistic heavy ion collisions. However, these obse
ables contain rather indirect information on the initial sta
of the collision process since the particle interactions re
in substantial stochastization and thermalization of a sys
during its evolution. Nevertheless, the final hadronic st
can carry some residual signals of the earlier stages of
particle production process. A partial coherence of the p
duced pions is assumed to be one of the important exam

The first systematic study of coherent processes in h
energy hadron-nucleus (h1A) collisions was based on
Glauber theory@1#. In this theory, theh1A collision is con-
sidered as a process of subsequent scatterings of the pr
tile on separate nucleons of the nucleus; the projectile e
gies are assumed to be much higher than the inverse nu
radius (Eh@1/R), thus allowing to consider a linear projec
tile trajectory inside the nucleus~eikonal approximation!. If
the scattering process occurred with almost no recoil of
nucleus nucleons, i.e., with nowitnessesof the individual
scatterings, then theh1A collision should be described by
coherent superposition of the elementary hadron-nucl
scattering amplitudes. Such a type of collision is called
herent scattering. Since the nucleus in coherent scatte
does not change its state, it manifests itself just as a par
with some form factor. In the oscillator approximation, t
nucleus form factor can be represented by a Gauss
exp(2q2R2/4). The coherent processes are essential only
small momenta transferred from the projectile hadron to
nucleus:uqu,1/R. Then, one can neglect the recoil ener
and consider the nucleus as a whole during the scatte
process. There is a kinematic limitation of the minimal lo
gitudinal momentum transfer,uqzumin'(M22mh

2)/(2uphu), re-
quired to produce a particle or a group of particles of
invariant massM. The vanishing ofuqzumin with the increas-
ing energy explains why the coherent processes can
place only at high enough energies. It is worth noting that
total coherent cross section does not die out with the incr
0556-2813/2002/65~6!/064904~16!/$20.00 65 0649
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ing energy~see., e.g., Ref.@2#!.1

Typically, however, the transferred momenta are suffici
for substantialrecoil effects and the excitation of the nucleu
or its breakup. Then, due to a smallcoherence length;1/uqu,
the nucleus does not participate in the collision as a wh
and one can consider theh1A collision as an incoheren
superposition of elementary hadron-nucleon scatterings
responding to random phases of the amplitudes of the la
The resulting cross section is then given by the sum of
moduli squared of the amplitudes~probabilities! at each of
the possible scattering points~unlike coherent scattering
when the individual amplitudes are summed first!. As a re-
sult, the particles are produced in chaotic~incoherent! states.

Let us come back to the production of particles~e.g.,
pions! in the processes of nonelastic coherent scattering
small transferred momenta. Since the nucleus is not exc
in these processes and manifests itself as a quasiclas
object, one can describe particle production using the qu
tum field model of interaction with a classical source@3#. It
is well known that the interaction with a classical sour
results in the production of bosons in coherent states@4#.
These states minimize the uncertainty relation and, so,
the closest to classical ones.2 This is the main physical link
between the processes of coherent scattering and pa
production in coherent states.

In heavy ion collisions at high energies, the average m
tiplicities are quite high, e.g., several thousands of pions
be produced at maximal Relativistic Heavy Ion Collid
~RHIC! energies. The inclusive particle spectra thus rep
sent natural characteristics of these processes. A conve
way to account for the coherent properties of these proce
consists of a model description of particle emission, rat
than in detailed evaluation of the contributing amplitude
The Gyulassy-Kauffmann-Wilson~GKW! model @8# is an
example of such an approach. The model assumes tha

1We are grateful to V. L. Lyuboshitz for drawing our attention
this important point and for an interesting discussion.

2Thecoherent stateshave been introduced and studied in detail
Glauber@5#. The concept of coherent states was then applied to p
production in high energy processes in Refs.@6–8#.
©2002 The American Physical Society04-1
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pions are radiated by classical currents~sources! which are
produced in some space-time region during the collision p
cess. The corresponding density matrix is constructed by
eraging over the unobservable positions of the centers
individual sources. The pion spectra then effectively cont
both chaotic and coherent components. In fact, the cha
component dominates in the case of a large emission reg
while, in the opposite limit of very small space-time exte
of this region, almost all pions are produced in the coher
state. This seems to be rather general result: if the dista
between the centers of pion sources are smaller than the
cal wavelength of the quanta~the source size!, the substantial
overlap of the wave packets leads to the strong correlat
~indistinguishability! between the phases in pion wave fun
tions and, thus, to the coherence@9,10#.

Recently, the coherence of multipion radiation in high e
ergy heavy ion collisions was studied within the GKW mod
in Ref. @11#. In the model, due to the longitudinal Loren
contraction of the colliding nuclei, almost all pions produc
with small transverse momentapt,1/R in central nucleus-
nucleus collisions are emitted coherently, and their mom
tum spectra are determined by the system’s space-time
tent. Clearly, the coherence of pions can be destroyed
pion rescatterings. Nevertheless, the duration of hadron
mation may happen to be long enough to allow a consid
able part of the coherent pions to escape from the interac
zone without rescatterings@11#. However, as noted in Ref
@11#, one can expect a strong suppression of the GK
mechanism of coherent pion production if quark-glu
plasma were created: the hadronization then occurs in a
mal quark-gluon system and hadrons are produced in
chaotic state only. Note that clear signals of the thermal
tion and collective flows, observed at CERN SPS and RH
energies~see, e.g., Refs.@12,13#, and references therein!,
point to strong rescattering effects and may reflect also
importance of the quark-gluon degrees of freedom.

The new physical phenomena, expected in RHIC a
Large Hadron Collider experiments with heavy ions, are
sociated with the creation of quasimacroscopic, very de
and hot systems. In such systems, the deconfinement p
transition and the restoration of the chiral symmetry
likely to happen, possibly leading to creation of the ne
states of matter: quark-gluon plasma~QGP! and disoriented
chiral condensate~DCC!. In the latter case, another possib
ity for the coherent pion radiation~above the thermal back
ground! appears. If the DCC were created at the chiral ph
transition, a quasiclassical pion fieldpW cl forms the ground
state of the system. The subsequent system decay is ac
panied by a relaxation of the ground state to normal vacu
Such a process can be described by the quantum field m
of interaction with a classical source~see, e.g., Ref.@14#!,
and results in the coherent pion radiation. One of the gen
conditions of the ground state rearrangement and forma
of the quasiclassical field is a large enough system volu
@15#. Therefore, such a field could be generated in heavy
collisions at sufficiently high energies provided the spon
neous chiral symmetry breaking via DCC formation tak
place. The overpopulation of the~quasi!pion medium, mak-
ing it close to the Bose-Einstein condensation point, can l
06490
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to the strengthening of the coherent component conditio
by the ground state~quasiparticle vacuum! decay@16#. Since
the DCC appears relatively late~at the end of the hadroniza
tion stage!, the coherent radiation could partially survive an
be observed.

The coherent emission manifests itself in a most dir
way in the inclusive correlation functionC(p,q) of two
identical bosons in the region of very smalluqu; p5(p1
1p2)/2,q5p12p2. In case of only chaotic contribution, th
intercept of the quantum statistical~QS! Bose-Einstein part
of the correlation functionCQS(p,0)52 @17# while, in the
presence of the coherent radiation,CQS(p,0),2. Generally,
the coherence means strong phase correlations of diffe
radiation components. In Ref.@9#, a simple quantum-
mechanical model of the phase-correlated one-particle w
packets with different radiation centers has been conside
In such a case~corresponding to indistinguishable correlat
emitting centers!, the emission amplitudeA(p) averaged
over the event ensemble is not equal to zero,^A(p)&Þ0, and
the QS correlation function interceptCQS(p,0),2. In the
second quantization representation~more adequate for pro
cesses of multiboson production!, the analogous results tak
place for inclusive averages of the quantum field operat
^a(p)&Þ0,CQS(p,0),2, provided the radiation has a non
zerocoherent-statecomponent. The latter represents a sup
position of the states of all possible boson numbers at fi
phase relations.

In practice, most of the correlation measurements
done withchargedparticles. However, charged bosons ca
not form the usual coherent state since it obviously viola
the superselection rule. To overcome this difficulty, the g
eralized concept of charge-constrained coherent states sh
be used@7,8,18#. Nevertheless, the correlations of charg
bosons are usually described with the help of ordinary~not
charge-constrained! coherent states@19,20# ~see, however,
Refs. @21,22#!. Our treatment of two-pion correlations take
into account the restrictions imposed by the superselec
rule and is based on the density matrix formalism.

The density matrix approach gives the possibility to d
scribe, in a natural way, the chaotic radiation~the initial state
then corresponding to a local-equilibrium statistical opera
of quasiparticle excitations! and coherent emission~arising
due to the interaction with a classical source!. This approach
can easily incorporate also the squeeze-state compone
pion radiation@23#, appearing due to the modification of th
energy spectrum of quasipions as compared with that of
pions @24#. The density matrix formalism is also simply re
lated with the Wigner function description of the multipa
ticle phase space and its evolution governed by the relati
tic transport equation@25#, representing very useful tool
with a clear classical limit. Recent development of the cl
sical current approach to multiparticle production@23,19# has
made it closer to the density matrix formalism; particular
the clasical current in momentum space has been show
be mathematically identical with the coherent-state repres
tation of the density matrix, the latter called ‘‘P’’ or Glauber-
Sudarshan representation@5#, see also Ref.@26#.

In our approach, the superselection rule requires an a
aging, in the density matrix, over all orientations of the qu
4-2
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CORRELATION SEARCH FOR COHERENT PION . . . PHYSICAL REVIEW C65 064904
siclassical pion source in the isospin space. As a con
quence, the averaged pion field vanishes:^a(p)&50
whereas, for identical pions, the interceptCQS(p,0) is still
less than 2. The correlations of nonidentical pions also
pear to be sensitive to the presence of the quasiclas
source. This sensitivity arises due to properties of the ge
alized coherent states satisfying, after the averaging ove
orientations of the quasiclassical source in isospin space
superselection rule for charged particles. Due to isospin s
metry of the strong-interaction Hamiltonian, there are uniq
relations for the interceptsCQS

i j (p,0) of the pure QS correla
tion functions of two pions in various charge statesi , j
56,0. For example, the coherence suppression ofC66 de-
termines the coherence enhancement ofC12.

The coherence phenomena can be, however, masked
number of effects suppressing the measured correla
functions. The most important among them are the dec
of long-lived particles and resonances ~e.g.,
L, Ks

0 , h, h8, . . . ), thesingle- and two-track resolution an
particle contamination. In Ref.@27#, the method to discrimi-
nate between the effects of coherent radiation and decay
long-lived resonances has been proposed. The method
sumes the simultaneous analysis of two- and three-par
correlation functions of identical pions. The practical utiliz
tion of the method is however difficult due to a low statisti
of near-threshold three-pion combinations and the prob
of the three-particle Coulomb interaction; also, one has
account for the superselection rule.3 Therefore, in the presen
work we will restrict ourselves to the consideration of tw
particle correlation functions.

In addition to QS, the correlations of particles with sm
relative velocities are also influenced by their final state
teraction~FSI!. The effect of the latter on two-particle corre
lations is well understood and introduces no principle pr
lems. It is important that the correlations in different tw
pion systems are influenced by the QS, FSI, and cohere
effects in a different way. This offers a possibility to di
criminate different effects suppressing the measured corr
tion functions and so to extract the coherent contribut
using correlation functions of like and unlike pions measu
at small relative momenta.

In the paper we study the influence of the coherent p
radiation on the behavior of pion inclusive spectra and tw
pion correlation functions and, based on it, develop the m
ods for the extraction of the coherent component above
chaotic background. Despite the fact that we associate
coherent radiation with the formation of the DCC~as the
most probable mechanism of the coherence in ultrarelati
tic A1A collisions!, our results are rather general. Actual
they are based on the general properties of the coherent
radiation: the quasiclassical nature of the coherent p
source and the constraints imposed by the charge supers
tion rule.

In Sec. II, we consider a general form of the density m

3The latter problems are absent for neutral pions. However, s
ciently accurate measurements of neutral pion correlations are p
tically out of the present experimental possibilities.
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trix of partially coherent pions, and calculate quantum sta
tical correlations of identical and nonidentical pions. In S
III, we set forth the density matrix formalism taking int
account the decays of short-lived resonances and FSI of
duced pions, and calculate the corresponding correla
functions. In Sec. IV, we discuss how to extract the coher
component of particle radiation from the two-pion corre
tion functions, particularly, in the case of large expandi
systems produced in ultrarelativisticA1A collisions. A short
summary and conclusion are given in Sec. V.

II. QUANTUM STATISTICAL CORRELATIONS
OF PARTIALLY COHERENT PIONS

It is well known that the description of the inclusive pio
spectra and two-pion correlations is based on a computa
of the following averages@8#:

vp

d3Ni

d3p
[ni~p!5(

a
uT~ in;p,a!u25^ai

†~p!ai~p!&,

vp1
vp2

d6Ni j

d3p1d3p2

[ni j ~p1 ,p2!

5(
a

uT~ in;p1 ,p2 ,a!u2

5^ai
†~p1!aj

†~p2!ai~p1!aj~p2!&,

Ci j ~p,q!5ni j ~p1 ,p2!/ni~p1!nj~p2!, vpi
5Am21pi

2,
~1!

whereT( in;p,a) is the normalized invariant production am
plitude. The summation is done over all quantum numbera
of other produced particles, including integration over th
momenta;ai

†(p) andai(p) are, respectively, the creation an
annihilation operators of asymptotically free pionsi 56,0;
the bracket^ . . . & formally corresponds to the averagin
over some density matrixu f &^ f u. Special attention is required
for the production of particles with nearby velocities whic
can be strongly influenced by particle interaction in the fin
state. In this section, we concentrate mainly on quantum
tistical correlations ignoring, for a while, the effects of res
nance decays and FSI.

Let us suppose that the density matrixr is a statistical
operator describing the thermal hadronic system in a p
decaying state on a hypersurface of the thermal freeze
s f :t5t f(x). After the thermal freeze-out the system is out
local thermal equilibrium but still can be in a predecayi
~interacting! state. In fact, the complete decay~neglecting the
long-time scale forces! happens at some finiteasymptotic
times tout,`. Then the formal solution of the Heisenbe
equation for the pionic annihilation~creation! operators at
this post-thermal freeze-out stage has the form4

fi-
c-

4For a spacelike hypersurfaces f @an example iss f5t f(x)
5(t21xlong

2 )1/2 in the Bjorken hydrodynamic model with th
proper expansion timet], the use of the covariant Tomonaga
Schwinger formalism gives the same result with the substitutiot
→t(x).
4-3
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AKKELIN, LEDNICKY, AND SINYUKOV PHYSICAL REVIEW C 65 064904
ai ,qm~p,tout!5@ai ,qm~p,t f !1di~p,t f ,tout!#e
2 ivp(tout2t f ).

~2!

It formally corresponds to the sum of the general solution
the free~homogeneous! Heisenberg equation of motion fo
the pionic field~first term!, and a particular solution of the
complete ~inhomogeneous! Heisenberg equation with
source~second term!. The valuedi(p,t f ,tout) depends on the
actual form of the source term in the Heisenberg equatio

The decay of the system at this stage,t f,t,tout , can be
accompanied by the coherent pion radiation due to the m
fication of hadron properties in a hot and dense hadro
environment or due to some peculiarities of the phase t
sition from QGP to hadron gas, e.g., the formation of DC
In both cases, almost noninteracting quasiparticle excitat
could be formed above a rearranged ground state~‘‘conden-
sate’’!.

In the systems containing the DCC, the appearance of
quasiclassical pion fieldpW cl ~corresponding to the density o
virtual pionic excitations of the quasipionic vacuum! at the
thermal stage is usually described in the mean field appr
mation as p i ,cl(x)5p i(x)2p i ,qm(x), where the field
p i ,qm(x) corresponds to the quasipion quantum excitatio
above the temporary vacuum backgroundp i ,cl(x) ~the order
parameter!. Assuming the isotopic symmetry of the Lagran
ian such as in the sigma model~see, e.g., Ref.@28#!, we have
p i ,cl(x)5eipcl(x), wheree is a randomly oriented unit vec
tor, e251, in the three-dimensional isospin space. Then,
eache orientation of the quasipionic vacuum at the therm
freeze-out, the free quasipionspW qm are distributed according
to the Gibbs local-equilibrium density matrixre above the
quasipionic vacuum. After the thermal freeze-out, when
decay of such a thermal system happens, the quasi
masses approach the usual free particle values and the
densate~the temporarydisorientedvacuum! tends to relax
back to the normal vacuum by emitting physical pions
coherent states—the vacuum for quasiparticles becom
coherent state for free particles. The latter process is sim
to particle radiation by a classical source.

Then the ‘‘source’’ term in Eq.~2! takes on the form

di~p,t f ,tout!5di ,qm~p,t f ,tout!1eidcoh~p,t f ,tout!,

e05cosu, e65
sinu

A2
e6 if, ~3!

where di ,qm(p,t f ,tout) and eidcoh(p,t f ,tout) are q- and
c-value quantities, respectively. While the total number
pions of momentump radiated by a classical source is fixe
by udcoh(p,t f ,tout)u2, the distribution of radiating pions in
isospace is determined by the orientation of the vectore; we
supposee is independent ofx. We further assume that th
quasipion masses at the thermal freeze-out are near
physical mass,mi(t f).mout[m, neglecting a possible mas
shift which can generate squeeze-state components in
06490
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ticle radiation.5 We will neglect the rescatterings at the pos
thermal freeze-out stage, i.e., putdi ,qm(p,t f ,tout)'0, and
approximately describe the production of coherent pions
this stage by the quantum field model of the interaction w
a classical source@3#. Then, there is a well known linea
relationship between the annihilation~creation! operators di-
agonalizing the pion field Hamiltonian at the timest f and
tout ( i 56,0):

ai ,qm~p,tout!5@ai ,qm~p,t f !1eidcoh~p,t f ,tout!#e
2 ivp(tout2t f ),

~4!

where thec-value quantitydcoh(p,t f ,tout) depends on a
mechanism and the rate of the classical field decay.6

The operatorsai(p) of the asymptotic free pion field
~with the origin of the time coordinate shifted to the pointt f)
are connected with the operatorsai ,qm(p,t) taken at the
asymptotictimes tout by the relation@30#

ai~p!5Ap0eip0(tout2t f )ai ,qm~p,tout!, p05vp . ~5!

Equations~4! and ~5! allow to calculate the mean values o
the asymptotic operatorsai(p) and ai

†(p) for eache orien-
tation of the quasipion vacuum applying the thermal Wi
theorem to the operatorsai ,qm(p,t f) and ai ,qm

† (p,t f). The
Gaussian form of the statistical operatorre guarantees tha
^ai ,qm(p,t f)&e50 for any fixed isospin orientatione of the
quasiparticle vacuum. Then,

^ai
†~p1!aj

†~p2!ai~p1!aj~p2!&e

5^ai
†~p1!ai~p1!& ê aj

†~p2!aj~p2!&e

1d i j @^ai
†~p2!ai~p1!& ê ai

†~p1!ai~p2!&e

2^ai
†~p1!& ê ai

†~p2!& ê ai~p1!& ê ai~p2!&e#.

~6!

Here

^ai
†~p1!ai~p2!&e5^ai

†~p1!ai~p2!&ch1^ai
†~p1!& ê ai~p2!&e,

~7!

where the irreducible~thermal! part of the two-operator av
erage

^ai
†~p1!ai~p2!&ch5Ap10p20̂ ai ,qm

† ~p1 ,t f !ai ,qm~p2 ,t f !&e
~8!

5Squeeze-state components can arise also in a strongly inhom
neous thermal boson system for particles with wavelengths la
than the system’s homogeneity lengths@29#. Below we will assume
the pion Compton wavelength to be much smaller than the typ
system lengths of homogeneity~e.g., hydrodynamical lengths! at
the thermal freeze-out hypersurfaces f .

6It follows, from the continuity of the complete fieldp i(x) and its
derivative at t5t f , that, for a fast freeze-out (tout2t f→0), the
quantity dcoh(p,t f ,tout) is directly associated with the strength o
the pion condensate. On the other hand, an adiabatically s
switch-off of the classical source yields dcoh(p,t f ,tout)'0 @3#.
4-4
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CORRELATION SEARCH FOR COHERENT PION . . . PHYSICAL REVIEW C65 064904
does not depend one7 and

^ai~p!&e5eid~p![eiAp0dcoh~p,t f ,tout!. ~9!

One can introduce the one-particle Wigner function@25#

f e,i~x,p!5~2p!23E d4q8d~q8•p!eiq8x

3^ai
†~p1q8/2!ai~p2q8/2!&e, ~10!

satisfying the relation

pm]m f e,i~x,p!50 ~11!

and describing the phase-space density of the nonintera
pions at t>tout or, in covariant formalism, att>sout
5tout(x); heresout is a space-time hypersurface where t
interactions are ‘‘switched off’’ and particles can be cons
ered as free. From Eq.~10!, we get

^ai
†~p1!ai~p2!&e5E

sout

dsmpm f e,i~x,p!e2 iqx,

q5p12p2 , p5~p11p2!/2. ~12!

Using Eqs.~7!, ~9!, and ~12!, one can split the Wigne
function into the chaotic (ch) and coherent (coh) compo-
nents:

f e,i~x,p!5 f ch~x,p!1uei u2f coh~x,p!. ~13!

Integrated oversout , these components determine the ope
tor averageŝ ai

†(p1)ai(p2)&ch and ^ai
†(p1)& ê ai(p2)&e, re-

spectively:

^ai
†~p1!ai~p2!&ch5E

sout

dsmpme2 iq•xf ch~x,p!,

^ai
†~p1!& ê ai~p2!&e5uei u2d* ~p1!d~p2!

5uei u2E
sout

dsmpme2 iq•xf coh~x,p!.

~14!

We suppose that the system has zeroaveragecharge and
calculate the observables averaging over the random orie
tion of the quasipion vacuum in the isospin space@dV(e)
5d cosudf#:

^ . . . &[Sp~ . . . r!5~4p!21EdV~e!^ . . . &e

[~4p!21E dV~e!Sp~ . . . re!. ~15!

7Such a dependence could take place if the mass shift were
zero and dependent on thee orientation of the quasipion vacuum
06490
ng
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Theobservablepion field is related to the ensemble of even
only, so the corresponding complete averages of the asy
totically free operators vanish, for example,^ap1(p)&
5(4p)21*dV(e…^ap1(p)&e50. The averages of these op
erators also vanish for charge-constrained coherent p
states uc&, the states of a fixed electric charge a
isospin—so called generalized coherent states@7,8,18#. This
means that the density matrixr can be represented as
weighted sum of the projection operatorsuc&^cu of these
states.

To illustrate this statement, let us consider a simple a
ficial case of only two sorts of oppositely charged bosons
one mode. Then the usual coherent statesual&, l56, are

ual&5exp~2 1
2 ualu2! (

n50

` al
n

~n! !1/2
unl&, alual&5alual&,

unl&5~n! !21/2~al
†!nu0l&, @al ,al8

†
#5dll8 ,

a65uaue6 if. ~16!

These states represent superpositions of the states with
ferent charges and so violate the superselection rule.
charge-constrained coherent stateuc0& of charged quanta
with a zero total charge may be obtained by projecting t
state out from the charge-unconstrained two-component
herent stateua1&ua2& @18#:

uc0&5
1

2pE0

2p

dfua1&ua2&

5exp~2uau2! (
n50

` uau2n

n!
un1&un2&. ~17!

One may see that the zero charge stateuc0& represents a
superposition of the states with the same charges~with equal
numbers of particles and antiparticles! and thus satisfies the
superselection rule. Similarly, the density matrix

r̂5
1

2pE0

2p

dfua1&ua2&^a1u^a2u

5exp~22uau2!

3 (
n150

`

(
n250

`

(
n350

`

(
n450

` uaun11n21n31n4

~n1! !1/2~n2! !1/2~n3! !1/2~n4! !1/2

3dn12n2 ,n32n4
un1,1&un2,2&^n3,1u^n4,2u ~18!

describes the mixture of the charge-constrained cohe
statesucn&:

r̂5 (
n52`

`

ucn&^cnu, ~19!

whereucn& is the coherent state of charge ‘‘n’’:
n-
4-5
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ucn&5exp~2uau2! (
n150

`

(
n250

`

dn12n2 ,n

3
uaun11n2eif(n12n2)

~n1! !1/2~n2! !1/2
un1,1&un2,2&. ~20!

While, in our example, the system described by the den
matrix r̂ does not have a definite charge, the average ch
is equal to zero:

Sp@ r̂~a1
† a12a2

† a2!#50. ~21!

Note that the expectation values of the annihilation opera
in the corresponding coherent states are nonz

^alualual&5al , while Sp( r̂al)50.
Continuing the discussion of coherent pion productio

we will assume the density matrixre of a Gaussian-type in
terms of the quasiparticle annihilation~creation! operators
ai ,qm(p,t f), related to the free particle operators according
Eqs. ~4! and ~5!. Then, similar to the above example, th
density matrix can be expressed through the projection
erators on the usual charge-unconstrained coherent stat
the free pion field. Averagingre over all directions of the
isovectore according to Eq.~15!, we finally get the density
matrix r in the form of a weighted sum of the projectio
operators on the charge-constrained coherent states de
ing, in agreement with the superselection rule, the system
a fixed average charge.8

The expressions for pion spectra in Eq.~1! thus contain
the averaging over the direction of the isovectore. As a
result, the single-pion spectra are independent of p
chargesi 56,0:
06490
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vp

d3Ni

d3p
5~4p!21E dV~e!E dsmpm f e,i~x,p!

5E dsmpm f ~x,p!,

f ~x,p!5 f ch~x,p!1 1
3 f coh~x,p!, ~22!

where we have used the equality (4p)21*dV(e…uei u251/3.
Note that the coherent part of the single-pion spectrum i

vp

d3Ncoh

d3p
[vp

d3N

d3p
G~p!

[vp

d3Nch

d3p
D~p!5

1

3E dsmpm f coh~x,p!

5
1

3
ud~p!u2, ~23!

where the functionsG(p) and D(p) measure the coheren
fraction:

G~p!5
D~p!

11D~p!
[

d3Ncoh /d3p

d3N/d3p
5

1

3E dsmpm f coh~x,p!

E dsmpm f ~x,p!

,

D~p![
d3Ncoh /d3p

d3Nch /d3p
5

1

3E dsmpm f coh~x,p!

E dsmpm f ch~x,p!

. ~24!

The coherence influences also the quantum statis
~without FSI! correlation functions:
wever, that
CQS
i j ~p,q!5

~4p!21E dV~e…^ai
†~p1!aj

†~p2!ai~p1!aj~p2!&e

S ~4p!21E dV~e…^ai
†~p1!ai~p1!&e!S ~4p!21E dV~e…^aj

†~p2!aj~p2!&e!

. ~25!

Taking into account Eqs.~6!–~9! and ~24! and the equalitiesp1,25p6q/2, we get

CQS
i j ~p,q!511~9^ueiej u2&212d i j !G~p1!G~p2!1d i j ^cos~qx12!&8

5@11D~p1!#21@11D~p2!#21$11D~p1!1D~p2!19^ueiej u2&D~p1!D~p2!

1d i j ^cos~qx12!&ch8 @11D~p1 ,p2!1D~p2 ,p1!#%, ~26!

8We do not consider here the squeeze states of the density matrix conditioned by a possible mass shift of quasiparticles. Note, ho
charged pions have no squeeze-state components anyway@23#.
4-6
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CORRELATION SEARCH FOR COHERENT PION . . . PHYSICAL REVIEW C65 064904
where the quasi-averagêcos(qx12)&8[^cos@q(x12x2)#&8 is
defined as

^cos~qx12!&8

5

E d3sm~x1!d3sn~x2!pmpn f ~x1 ,p! f ~x2 ,p!cos~qx12!

E d3sm~x1!d3sn~x2!p1
mp2

n f ~x1 ,p1! f ~x2 ,p2!

~27!

and similarly, with the substitutionf→ f ch , the quasi-
averagê cos(qx12)&ch8 ; the function

D~p1 ,p2!5

1

3E dsmpm f coh~x,p!e2 iq•x

E dsmpm f ch~x,p!e2 iq•x

5

1

3
d* ~p1!d~p2!

^ai
†~p1!ai~p2!&ch

,

D~p,p!5D~p!. ~28!

Note that

^cos~qx12!&8

5G~p1!G~p2!

1
11D~p1 ,p2!1D~p2 ,p1!

@11D~p1!#@11D~p2!#
^cos~qx12!&ch8

5
11D~p1 ,p2!1D~p2 ,p1!1D~p1 ,p2!D~p2 ,p1!

@11D~p1!#@11D~p2!#

3^cos~qx12!&ch8 . ~29!

Calculating the averages

^ueiej u2&5~4p!21E dV~e…ueiej u2, ~30!

^ue0u4&5
1

5
, ^ue6u4&5^ue1e2u2&5

2

15
, ^ue0e6u2&5

1

15
,

~31!

we get for the intercepts of the QS correlation functions,

CQS
11~p,0!522

4

5
G2~p!, CQS

00 ~p,0!522
1

5
G2~p!,

CQS
12~p,0!511

1

5
G2~p!, CQS

10~p,0!512
2

5
G2~p!.

~32!

Particularly, it follows from Eqs.~32! that the decay of the
quasipion vacuum suppresses the correlation functions
identical charged pions and enhances the one of noniden
06490
of
cal

charged pions, the latter effect being by a factor of 4 sma
For G2(p)51, the intercepts in Eqs.~32! coincide with those
found in Ref.@31# in the case of a strong pion condensatio
Our results, however, differ from the intercepts found in t
model@21,22# of pion emission in a pure quantum state, t
charge-constrained coherent state. They are recovered
for large average numbers of coherent pions. One can
replace the canonical ensemble corresponding to the
quantum state with a fixed charge, by the grand canon
one, described by the density matrix of the ensemble wit
fixed averagecharge. For ultrarelativisticA1A collisions,
the inclusive description based on the grand canonical
semble is a fairly adequate approach, allowing to built e
plicitly the density matrix for a mixture of thermal an
charge-constrained coherent radiations and make some
culations analytically.

One can check that the intercepts, as well as the QS
relation functions at anyq, satisfy the relation@32#

CQS
111CQS

125CQS
00 1CQS

10 . ~33!

This relation follows from the assumed isotopically unpola
ized pion emission. It is valid also for the complete corre
tion functions~with FSI!, except for the region of very sma
uqu where the correlation functions of charged pions a
strongly affected by the isospin nonconserving Coulomb
teraction.

Note that the correlation functions, as well as their Q
parts, satisfy the usual normalization conditionC(p,q)→1
at large uqu provided that the coherent part of the Wign
density vanishes with the increasingup6q/2u faster than the
chaotic one, i.e.,G(p6q/2)→0 at largeuqu.

To get some insight into a possible behavior of the re
tive coherent contributionG(p), consider the situation when
the system decays during a rather short time,tout2t f→0,
and the partial~at a fixede) average of the pion annihilation
operator has a simple Gaussian form:

^ai~p!&e;exp~2Rcoh
2 p2!. ~34!

According to Eq.~14!, the corresponding Wigner density

f coh~x,p!;exp~22Rcoh
2 p22x2/2Rcoh

2 !, ~35!

so the parameterRcoh determines not only the spectrum, b
also the characteristic radius of the region of the instan
neous coherent pion emission in accordance with the m
mized uncertainty relationDxDp5\/2. Let us assume a
similar Gaussian parametrization of the chaotic compon
of the Wigner density in the nonrelativistic momentum r
gion:
4-7
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f ch~x,p!;exp~22RT
2p22x2/2Rch

2 !, ~36!

whereRT[(4mT)21/2 measures the characteristic size of t
single-pion emitter~heat de Broglie length! andRch>RT is
the characteristic radius of the region of the chaotic p
emission. In the considered rare gas limit, we then get
correlator

^cos~qx12!&ch8 5exp~2R2q2!, ~37!

where R5(Rch
2 2RT

2)1/2'Rch represents~in the absence o
the coherent contribution! the usual interferometry radius
The coherent fractionG(p)5D(p)/@11D(p)# and

D~p!5
d3Ncoh /d3p

d3Nch /d3p

[

1

3E dsmpm f coh~x,p!

E dsmpm f ch~x,p!

;exp@22~Rcoh
2 2RT

2!p2#.

~38!

We see thatG(p)→0 at largeupu on a reasonable conditio
Rcoh.RT .

In fact, since the quasiclassical~coherent! pion emission
is conditioned by the decay of a thermal system, one m
de
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n
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expect the effective radius for the coherent radiation,Rcoh ,
close to that for the thermal emission,Rch . Generally, in
dynamical models, the effective radius varies with the m
mentum p and characterizes the size of the homogene
region—the region of a substantial density of the pions em
ted at the freeze-out time with three-momenta in the vicin
of p. In this case, both the coherent and chaotic radii pra
cally coincide with the homogeneity length of the syste
AssumingRcoh'Rch , we haveD(p1 ,p2)'D(p,p)5D(p)
and, according to Eq.~29!,

^cos~qx12!&8'
@11D~p!#2

@11D~p1q/2!#@11D~p2q/2!#

3^cos~qx12!&ch8 . ~39!

One can see that^cos(qx12)&8'^cos(qx12)&ch8 at smalluqu or,
in the case of a small coherent contributionD(p)!1. Note
that in the opposite case,D(p)@1, a decrease of the corre
lation function towards unity with the increasingq2 is con-
ditioned by the chaotic component^cos(qx12)&ch8 starting at
q2;R22ln D2(0)24p2. At smallerq2 values, the behavior o
the correlation function is essentially flatter due to theq de-
pendence of the denominator in Eq.~39!. For the extreme
case of a pure coherent radiation,D(p)→` @G(p)→1#, the
function ^cos(qx12)&8 tends to unity at allq irrespective of
the assumptionRcoh'Rch :
^cos~qx12!&8→
E d3sm~x1!d3sn~x2!pmpn f coh~x1 ,p! f coh~x2 ,p!cos~qx12!

E d3sm~x1!d3sn~x2!p1
mp2

n f coh~x1 ,p1! f coh~x2 ,p2!

51. ~40!
r
em
dro-
eso-
hus,
ion
the
nce
life-
ed
and
The last equality in Eq.~40! follows from the definition~14!
of the coherent Wigner function, both the nominator and
nominator in Eq.~40! being equal toud(p1)d(p2)u2. Experi-
mentally, the approach to such an extreme regime can
play itself as a tendency of the intercepts of the Q
correlation functions to the values defined by Eqs.~32! at
G(p)→1, and as a flattering of the QS correlation functio
within a growingq interval. The latter mimics a decrease
interferometry radii; of course, it does not mean that the r
size of the system tends to zero.

The effect of coherent radiation on pion spectra a
p1p1 and p1p2 correlation functions is demonstrated
Figs. 1–3 for different ratiosDtot5D(0)(RT /Rcoh)

3 of the
total numbers of coherent and chaotic pions. The plots
respond to simple Gaussian Wigner functions~35! and ~36!
with RT[(4mT)21/2'0.72 fm (T50.135 GeV! and Rcoh
5Rch55 fm. Under the assumption of a common source
coherent and chaotic pions in ultrarelativistic heavy ion c
lisions, characterized by a typical radiusR;5210 fm, the
coherent component in the spectra is concentrated in a ra
-

is-

s

al

d

r-

f
-

er

small momentum region of a characteristic width (2R)21

;20210 MeV/c ~see Fig. 1!.

III. CORRELATION FUNCTIONS AFFECTED BY FINAL
STATE INTERACTION AND COHERENCE

In ultrarelativistic A1A collisions, free hadrons appea
mainly at the late stage of the evolution after the syst
expands and reaches the thermal freeze-out. After the hy
dynamic tube decays and produces final particles and r
nances, particles still appear from resonance decays. T
more than half of pions produced in high energy heavy
collisions is of the resonance origin. As a consequence,
pion spectra and correlations are influenced by resona
production and decay spectra, as well as by resonance
times. Particularly, the pions from the decays of long-liv
resonances do not contribute to QS and FSI correlations
thus suppress the correlation functionCi j (p,q); we will con-
sider this suppression in the next section.

However, even after the thermal~hydrodynamic! system
4-8
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and short-lived resonances decay, the particles in ne
phase-space points continue to interact. Due to a large e
tive emission volume in heavy ion collisions, the partic
interaction in the final state is usually dominated by the lo
range Coulomb forces. To calculate the FSI effect on tw

FIG. 1. The single-pion momentum spectrad3N/d3p calculated
for different ratiosDtot of the total numbers of coherent and chao
pions, assuming the Gaussian parametrization of the Wigner de
ties in Eqs. ~35! and ~36! with RT[(4mT)21/2'0.72 fm (T
50.135 GeV) andRcoh5Rch55 fm. The solid, dotted, dash
dotted, and dashed curves correspond toDtot50, 0.01, 0.1, and 1,
respectively. The overall normalization is arbitrary.

FIG. 2. The pure QS correlation functionsCQS(p,q) calculated
for p1p1 pairs at p50 GeV/c for the same conditions as i
Fig. 1.
06490
by
c-

-
-

particle spectra, we will assume sufficiently small pha
space density of the produced particles and use the
theory in the two-body approximation@8,33,34# for pions,
neglecting the FSI of resonances.

The single-pion spectrum in Eq.~1! then remains un-
changed while the two-pion one~for pairs containing no
pions from long-lived sources! takes the form

vp1
vp2

d6Ni j

d3p1d3p2

8E d4k1d4k2d4k18d
4k28

3^ai
†~k1!aj

†~k2!ai~k18!aj~k28!&

3Fp1p2

(2) i j ~k1 ,k2!Fp1p2

(2) i j * ~k18 ,k28!, ~41!

where the nonsymmetrized Bethe-Salpeter amplitu
Fp1p2

(2) i j (k1 ,k2)[Fp1p2

(1) i j * (k1 ,k2) in a four-momentum repre

sentation is expressed through the propagators of partici
and j and their scattering amplitudeFi j analytically contin-
ued to the unphysical region@33,34#,9

Fp1p2

(2) i j ~k1 ,k2!5d4~k12p1!d4~k22p2!

1d4~k11k22p12p2!
iAp2

p3

3
Fi j* ~k1 ,k2 ;p1 ,p2!

~k1
22m22 i0!~k2

22m22 i0!
. ~42!

9It is important that the relation between the production amplitu
and the operator product average, as given in Eq.~1!, is valid also at
the off mass shell.

si-

FIG. 3. The pure QS correlation functionsCQS(p,q) calculated
for p1p2 pairs at p50 GeV/c for the same conditions as in
Fig. 1.
4-9
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The averaging in Eq.~41! is performed with the help of the
statistical operatorr without FSI:^ . . . &5Sp( . . . r). Intro-
ducing the Bethe-Salpeter amplitudesCp1p2

(2) i j (x1 ,x2) in

space-time representation,

Fp1p2

(2) i j ~k1 ,k2!

5~2p!28E d4x1d4x2eik1x11 ik2x2Cp1p2

(2) i j ~x1 ,x2!, ~43!

one can rewrite Eq.~41! as

vp1
vp2

d6Ni j

d3p1d3p2

8E d4x1d4x2d4x18d
4x28

3r i j ~x1 ,x2 ;x18 ,x28!Cp1p2

(2) i j ~x1 ,x2!

3Cp1p2

(2) i j * ~x18 ,x28!, ~44!

where the space-time density matrixr i j is just the Fourier
transform of the four-operator average in Eq.~41!:10

r i j ~x1 ,x2 ;x18 ,x28!5~2p!216E d4k1d4k2d4k18d
4k28

3eik1x11 ik2x2e2 ik18x182 ik28x28

3^ai
†~k1!aj

†~k2!ai~k18!aj~k28!&.

~45!

Separating the phase factor due to free motion of the t
particle center-of-mass system~c.m.s.!:

Cp1p2

(2) i j ~x1 ,x2!5e2 iPX12cq
(2) i j ~x12!,

X125
1
2 ~x11x2!, x125x12x2 , P[2p5p11p2 ,

~46!

and integrating over the pair c.m.s. four coordinateX12 and
X128 in Eq. ~44!, one can express the two-particle spectru
through the reduced space-time density matrixrP

i j (x12;x128 ),
the latter depending on the pair total four-momentumP and
the relative four coordinates of the emission points only:

vp1
vp2

d6Ni j

d3p1d3p2

8E d4x12d
4x128 rP

i j ~x12;x128 !cq
(2) i j ~x12!cq

(2) i j * ~x128 !,

~47!

10For identical particles, it differs from the space-time dens
matrix of Ref.@33#, where the effect of QS enters through the sy
metrization of the Bethe-Salpeter amplitudes, while here it
through the Wigner decomposition of the four-operator averag
Eq. ~52! below.
06490
-

rP
i j ~x12;x128 !5~2p!28E d4k1d4k18e

i (k12p)x12e2 i (k182p)x128

3^ai
†~k1!aj

†~P2k1!ai~k18!aj~P2k18!&.

~48!

Note that in the two-particle c.m.s., whereP5$m12,0,0,0%,
q5$0,2k* %, x125$t* ,r* %, the reduced Bethe-Salpeter amp
tude cq

(2) i j * (x12)5cq
(1) i j (x12) at t* 5t1* 2t2* 50 coincides

with a stationary solutionc2k* (r* ) of the scattering prob-
lem having at large distancesr * the asymptotic form of a
superposition of of the plane and outgoing spherical wa
~the minus sign of the vectork* corresponds to the reverse
time direction of the emission process!. This amplitude can
be substituted by this solution~equal timeapproximation! on
condition@34# ut* u!mr* 2 which is usually satisfied for par
ticle production in heavy ion collisions.

Since the resonances have finite lifetimes, their de
products are created in an essentially four-dimensio
space-time region. At the post-thermal freeze-out stage,
resonances are usually described by semiclassical t
niques; they are considered as unstable particles mo
along classical trajectories and decaying according to the
ponential law@35# ~see, however, Refs.@33,36,37#!. This ap-
proximation neglects a small correlation effect in pairs
unlike pions appearing due to QS correlations of identi
resonances. The resonances are assumed to be describ
cording to the Gibbs density matrix prior to the therm
freeze-out; this guarantees the chaoticity of the de
pions.11 Therefore, the pions from resonance decays do
destroy the structure of the decomposition of the opera
averages in Eqs.~6! and ~7! into irreducible parts based o
the thermal Wick theorem.

After the production, the pions in nearby phase-spa
points, chaotic as well as coherent ones, undergo a long-
scale interaction in the final state. According to Eqs.~44! or
~47!, the intensity of FSI interaction is conditioned by th
two-particle Bethe-Salpeter amplitudesCp1p2

(x1 ,x2) or

cq(x12) and the corresponding two-particle space-time d
sity matricesr(x1 ,x2 ;x18 ,x28) or rP(x12;x128 ). Clearly, in the
case of absent FSI, the two-pion spectrum merely reduce
the Fourier transform of the space-time density matrix. It c
be represented as an integral over the mean four coordin
x̄5(x1x8)/2 of a combination of bilinear products of single
particle chaotic and coherent emission functionsgch( x̄,p)
and gcoh( x̄,p), respectively defined in Eqs.~50! and ~51!
below.

The emission functiong( x̄,p) is closely related with the
Wigner phase-space densityf (x,p) at asymptotic timest
>tout . Let us denote byx̄[$ t̄ ,x2(p/p0)(t2 t̄ )% the space-
time point, starting from which a free particle moving wit
velocity p/p0 reaches a pointx; the portion of such particles

-
s
in

11Note that the chaotization of decay pions partially happens i
spective of the form of the density matrix if pions were emitted
a large number of many different sorts of resonances.
4-10
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is g( x̄,p). Collecting all the contributions~starting in our
case from the thermal freeze-out timet f), we have

p0f ~x,p!5E d4x̄d3@ x̄2x1~p/p0!~ t2 t̄ !#g~ x̄,p!,

~49!

whereg( x̄,p)5p0d( t̄ 2t f) f ( x̄,p)1s( x̄,p) ands( x̄,p);u(t
2 t̄ )u( t̄ 2t f) is the density of pion emission at the pos
thermal stage,t.t f . Therefore we can rewrite the irreduc
ible ~thermal! part of the two-operator average through t
chaotic emission function as

^ai
†~p1!ai~p2!&ch5E

sout

dsmpme2 iqxf ch~x,p!

5E d4x̄e2 iqx̄gch~ x̄,p!,

p[P/25~p11p2!/2, q5p12p2 , ~50!

where we have used the equalityqx5qx̄ following from the
relationqp[q0p02qp50. Similarly, for the coherent com
ponent of the two-operator average at fixede, we get

^ai
†~p1!& ê ai~p2!&e5uei u2d* ~p1!d~p2!

5uei u2E
sout

dsmpme2 iqxf coh~x,p!

5uei u2E d4x̄e2 iqx̄gcoh~ x̄,p!. ~51!

The results of Sec. II can thus be rewritten in terms of
emission functions in accordance with a formal substitut
*sout

dsmpm f (x,p)→*d4xg(x,p).
06490
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To express the four-operator average in Eq.~48! through
the emission functions, we can exploit the decomposit
similar to that in Eq.~6!:

^ai
†~k1!aj

†~P2k1!ai~k18!aj~P2k18!&e

5^ai
†~k1!ai~k18!& ê aj

†~P2k1!aj~P2k18!&e

1d i j @^ai
†~k1!ai~P2k18!& ê ai

†~P2k1!ai~k18!&e

2^ai
†~k1!& ê ai

†~P2k1!& ê ai~k18!& ê ai~P2k18!&e#.

~52!

Using Eqs.~50! and~51! for the two-operator averages in Eq
~52!, we get

^ai
†~k1!aj

†~P2k1!ai~k18!aj~P2k18!&e

5E d4x̄1d4x̄2„e
2 i (k12k18)• x̄12ge,i@ x̄1 , 1

2 ~k11k18!#

3ge, j@ x̄2 ,P2 1
2 ~k11k18!#1d i j e

2 i (k11k182P)• x̄12

3$ge,i@ x̄1 ,p1 1
2 ~k12k18!#

3ge,i@ x̄2 ,p2 1
2 ~k12k18!#2uei u4gcoh@ x̄1 ,p

1 1
2 ~k12k18!#gcoh@ x̄2 ,p2 1

2 ~k12k18!#%…, ~53!

wherex̄125 x̄12 x̄2 and

ge,i~ x̄,k!5gch~ x̄,k!1uei u2gcoh~ x̄,k!. ~54!

After the averaging over the orientation of the isospin vec
e, we get
^ai
†~k1!aj

†~P2k1!ai~k18!aj~P2k18!&5E d4x̄1d4x̄2•Fe2 i (k12k18)• x̄12$g@ x̄1 , 1
2 ~k11k18!#g@ x̄2 ,P2 1

2 ~k11k18!#

1~^ueiej u2&2 1
9 !gcoh@ x̄1 , 1

2 ~k11k18!#gcoh@ x̄2 ,P2 1
2 ~k11k18!#%

1d i j e
2 i (k11k182P)• x̄12S g@ x̄1 ,p1 1

2 ~k12k18!#g@ x̄2 ,p2 1
2 ~k12k18!#

2
1

9
gcoh@ x̄1 ,p1 1

2 ~k12k18!#gcoh@ x̄2 ,p2 1
2 ~k12k18!# D G , ~55!

where

g~ x̄,k!5gch~ x̄,k!1 1
3 gcoh~ x̄,k!. ~56!

Inserting expression~55! for the four-operator average into Eq.~48! and, integrating in the first and second term over (k1

2k18) and (k11k182P), respectively, one can rewrite the reduced space-time density matrix as
4-11
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rP
i j ~x12;x128 !5~2p!24E d4x̄1d4x̄2d4k•$eik•(x122x128 )d4

„

1
2 ~x121x128 !2 x̄12…@g~ x̄1 ,p1k!g~ x̄2 ,p2k!

1~^ueiej u2&2 1
9 !gcoh~ x̄1 ,p1k!gcoh~ x̄2 ,p2k!#1d i j e

ik•(x121x128 )d4
„

1
2 ~x122x128 !2 x̄12…

3@g~ x̄1 ,p1k!g~ x̄2 ,p2k!.2 1
9 gcoh~ x̄1 ,p1k!gcoh~ x̄2 ,p2k!#%. ~57!

According to Eq.~47! and using the equalitycq(2 x̄12)5c2q( x̄12), the two-pion spectrum then becomes

vp1
vp2

d6Ni j

d3p1d3p2

8~2p!24E d4x̄1d4x̄2d4kd4eeik•e
•$@g~ x̄1 ,p1k!g~ x̄2 ,p2k!

1~^ueiej u2&2 1
9 !gcoh~ x̄1 ,p1k!gcoh~ x̄2 ,p2k!]cq

(2) i j ~ x̄121
1
2 e!cq

(2) i j * ~ x̄122
1
2 e!

1d i j @g~ x̄1 ,p1k!g~ x̄2 ,p2k!2 1
9 gcoh~ x̄1 ,p1k!gcoh~ x̄2 ,p2k!#cq

(2) i j ~ x̄121
1
2 e!c2q

(2) i j * ~ x̄122
1
2 e!%

5~2p!24E d4x̄1d4x̄2d4kd4e,eik•e
•$@gch~ x̄1 ,p1k!gch~ x̄2 ,p2k!1 1

3 „gch~ x̄1 ,p1k!

3gcoh~ x̄2 ,p2k!1gcoh~ x̄1 ,p1k!gch~ x̄2 ,p2k!…#•@cq
(2) i j ~ x̄121

1
2 e!cq

(2) i j * ~ x̄122
1
2 e!

1d i j cq
(2) i j ~ x̄121

1
2 e!c2q

(2) i j * ~ x̄122
1
2 e!#

1^ueiej u2&gcoh~ x̄1 ,p1k!gcoh~ x̄2 ,p2k!cq
(2) i j ~ x̄121

1
2 e!cq

(2) i j * ~ x̄122
1
2 e!%. ~58!

If the FSI were absent, i.e.,cq
(2) i j ( x̄12)5exp(2iq•x̄12/2), one would get

vp1
vp2

d6Ni j

d3p1d3p2

8E d4x̄1d4x̄2$g~ x̄1 ,p1!g~ x̄2 ,p2!1~^ueiej u2&2 1
9 !gcoh~ x̄1 ,p1!gcoh~ x̄2 ,p2!

1d i j @g~ x̄1 ,p!g~ x̄2 ,p!2 1
9 gcoh~ x̄1 ,p!gcoh~ x̄2 ,p!#cos~qx̄12!%

5E d4x̄1d4x̄2$g~ x̄1 ,p1!g~ x̄2 ,p2!1@^ueiej u2&2 1
9 ~11d i j !#gcoh~ x̄1 ,p1!gcoh~ x̄2 ,p2!

1d i j g~ x̄1 ,p!g~ x̄2 ,p!cos~qx̄12!%

5E d4x̄1d4x̄2 $gch~ x̄1 ,p1!gch~ x̄2 ,p2!1 1
3 @gch~ x̄1 ,p1!gcoh~ x̄2 ,p2!1gcoh~ x̄1 ,p1!gch~ x̄2 ,p2!#

1^ueiej u2&gcoh~ x̄1 ,p1!gcoh~ x̄2 ,p2!1d i j @gch~ x̄1 ,p!gch~ x̄2 ,p!1 2
3 gch~ x̄1 ,p!gcoh~ x̄2 ,p!#cos~qx̄12!% ~59!
.

si
f
r-

-
e

I,

c-
and recover Eqs.~26! for the pure QS correlation functions
In the case of absent coherent emission, i.e.,d5gcoh50,

and on the usual assumption (RT
2!Rch

2 ) of sufficiently
smooth four-momentum dependence of the chaotic emis
functiongch( x̄,p) as compared with a sharpq dependence o
the QS and FSI correlations~determined by the inverse cha
acteristic distance between the emission points!, the chaotic
emission functions in Eq.~58! can be taken out of the inte
gral overk at small values ofk, this integral thus being clos
to d4(e). Choosing the momentum arguments ingch func-
tions in accordance with Eq.~59! for the case of absent FS
06490
on

we get for the two-pion spectrum and the correlation fun
tion

vp1
vp2

d6Ni j

d3p1d3p2

'E d4x̄1d4x̄2•$gch~ x̄1 ,p1!gch~ x̄2 ,p2!ucq
(2) i j ~ x̄12!u2

1d i j gch~ x̄1 ,p!gch~ x̄2 ,p!cq
(2) i j ~ x̄12!c2q

(2) i j * ~ x̄12!%,

~60!
4-12
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Cch
i j '^ucq

(2) i j ~ x̄12!u2&ch1d i j ^cq
(2) i j ~ x̄12!c2q

(2) i j * ~ x̄12!&ch8 ,
~61!

where the averagêA&ch and quasi-averagêA&ch8 are defined
as

^A&ch5

E d4x̄1d4x̄2Agch~ x̄1 ,p1!gch~ x̄2 ,p2!

E d4x̄1gch~ x̄1 ,p1!E d4x̄2gch~ x̄2 ,p2!

, ~62!

^A&ch8 5

E d4x̄1d4x̄2Agch~ x̄1 ,p!gch~ x̄2 ,p!

E d4x̄1gch~ x̄1 ,p1!E d4x̄2gch~ x̄2 ,p2!

. ~63!

In the case of a nonzero coherent contribution, thee/2 and
x̄12 dispersions in the pure coherent term in Eq.~58! are the
same (2Rcoh

2 ), contrary to usually negligiblee/2 dispersion
in the pure chaotic term 2RT

2!2Rch
2 . As for the mixed term,

the e/2 dispersion would be negligible if only the characte
istic sizeRcoh of the coherent source were sufficiently sma
with the increasingRcoh , this dispersion may becom
important—forRcoh'Rch it amounts to about half of thex̄12
dispersion. Therefore, thee dependence of the Bethe
Salpeter amplitudes should be generally retained in th
terms. The important exception is the case of practical in
est in heavy ion collisions, when the two charged pions
created in their c.m.s. at a distance much larger than
correspondings-wave scattering length~of a fraction of fm!
and much smaller than their Bohr radius~of 387.5 fm!. The
two-pion FSI interaction at smallq is then dominated by the
Coulomb FSI and depends only weakly on the space-t
separation of the emission points. In this case,

Cch
i j '^ucq

(2) i j ~ x̄12!u2&1d i j ^cq
(2) i j ~ x̄12!c2q

(2) i j * ~ x̄12!&8

1~9^ueiej u2&212d i j !G~p1!G~p2!

3^ucq
(2) i j ~ x̄12!u2&coh , ~64!

where the averages are defined as in Eqs.~62! and~63! with
the substitutionsgch→g or gch→gcoh , and the relative co-
herent contributionG(p) in Eq. ~24! with a formal substitu-
tion *sout

dsmpm f (x,p)→*d4xg(x,p).

IV. EXTRACTING THE COHERENT COMPONENT
OF PARTICLE RADIATION

Up to now, we have ignored the contributionsd3Ni
( l )/d3p

arising in the pion spectra from the decays of long-lived~l!
sources such ash, h8 mesons, and also the unregister
kaons and hyperons. The pions from these sources pos
no observable FSI~due to the very large relative distance
the emission points! as well as no noticeable interferenc
effect, because the corresponding correlation width is m
smaller than the relative momentum resolutionqmin of a de-
tector. Therefore the measured correlation functions, defi
06490
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in Eq. ~1!, can be expressed through the correlation functio
C̃i j (p,q) ~discussed in the previous section! of all pion pairs
p ip j except for those containing pions from long-live
sources as follows@38#:

Ci j ~p,q!5ni j ~p1 ,p2!/ni~p1!nj~p2!

5L i j ~p!C̃i j ~p,q!112L i j ~p!, ~65!

where the suppression parameterL i j (p) measures the frac
tion of pion pairs containing no pions from long-live
sources:12

L i j ~p!5S 12
d3Ni

( l )/d3p

d3Ni /d3p
D S 12

d3Nj
( l )/d3p

d3Nj /d3p
D ,1. ~66!

In the ~artificial! case of an absent FSI effect, the corre
tion function C̃i j (p,q)5CQS

i j (p,q), and the averaging in
^cos(qx12)&8 in the QS correlation functions in Eqs.~26!
should be applied only to the pion pairs containing no pio
from long-lived sources. Then, assuming sufficiently go
detector resolution,qmin!R21, we can determine the inter
cepts Ci j (p,0) calculating the correlation functions atuqu
;qmin :

Ci j ~p,qmin!511L i j ~p!@d i j 1~9^ueiej u2&212d i j !G
2~p!#.

~67!

The intercepts are lower than 2 for any system of identi
pions and they are higher~lower! than 1 forp1p2 (p6p0)
systems.

Since the suppression parametersL(p) are generally dif-
ferent for different pion pairs, e.g., due to different contrib
tions of hyperon decays, it is impossible, using only appar
intercepts in Eq.~67!, to separate the contributions of th
coherent and long-lived sources, unless there is a known
tio of the suppression parametersL(p) for identical and non-
identical pions:L i i (p)/L i j (p). Then, for example, from the
intercepts of thep1p1 and p1p2 correlation functions,
one obtains the coherent fraction squared:

G2~p!5
L11~p!

L12~p!
F4

5

L11~p!

L12~p!
1

1

5

C11~p,qmin!21

C12~p,qmin!21
G21

.

~68!

In fact, the knowledge of the ratioL i i (p)/L i j (p) is not of
principal importance for the extraction of the coherent fra
tion G(p). Besides the intercepts, one can exploit also thq
dependence ofCQS(p,q) in a sufficiently wide interval to
follow Eq. ~26!, and perform simultaneous or separate fits
the correlation functionsCi j , suitably parametrizing the cor
relator ^cos(qx12)& and the functionG(p6q/2). For ex-
ample, one can use the usual Gaussian correlator param
zation

12One can include inNi
( l ) and the corresponding suppression p

rametersL i j the contribution of misidentified particles which als
introduce practically no correlation.
4-13
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^cos~qx12!&ch8 .exp~2qx
2Rx

22qy
2Ry

22qz
2Rz

2! ~69!

in the longitudinally comoving system in which the pio
pair is emitted transverse to the collision axis (pL50).
The components of the vectorq are chosen parallel to th
collision axis (z5longitudinal!, parallel to the vector
pt (x5outward!, and perpendicular to the production pla
(z,x) of the pair (y5sideward!. Assuming the same rad
also for the coherent emission region, and a transverse
mal law exp(2mt /T) for the chaotic radiation with the tem
peratureT (mt is the pion transverse mass!, we can param-
etrize the coherent fractionG(p) similar to Eq.~38! for the
nonrelativistic case with@16#

D~p!.D~0!expF22S ~px
2Rx

21py
2Ry

21pz
2Rz

2!1
mt

T D G ,
~70!

and use Eq.~39! to calculatê cos(qx12)&8.
The presence of the FSI effect introduces the additionq

dependence of the correlation functions and thus impro
in principle, the accuracy of the extraction of the coher
contributionG(p). Consider, for example, only the effect o
the Coulomb FSI and assume that the emission functio
gch and gcoh , are localized in the regions of characteris
sizes much smaller than the two-pion Bohr radiusuau
5387.5 fm so that the modulus of the nonsymmetrized C
lomb wave function can be substituted by its value at z
separation. As a result the Coulomb effect factorizes i
form of the so called Gamow or Coulomb factorAc(ak* )
5ucq

coul(0)u2 ~see, e.g., Ref.@8#!:

C̃~p,q!5Ac~ak* !CQS~p,q!,

Ac~x!5~2p/x!/@exp~2p/x!21#, ~71!

wherek* 5uq* u/2 is the momentum of one of the two pion
in their c.m.s. For the correlation functions of like (a5uau)
and unlike (a52uau) charged pions, we get

C66~p,q!5L66~p!Ac~ uauk* !F11^cos~qx12!&8

2
4

5
G~p1q/2!G~p2q/2!G1@12L66~p!#,

C12~p,q!5L12~p!Ac~2uauk* !

3F11
1

5
G~p1q/2!G~p2q/2!G

1@12L12~p!#. ~72!

Similar to the case of absent FSI, we can again use the
rametrizations~69!, ~70!, and the relation~39!, and fit, simul-
taneously or separately, the correlation functions of like a
unlike charged pions according to Eqs.~72!. Moreover, the
known q dependence of the Gamow factors allows to se
rate the coherent fractionG(p) from the suppression param
eter L(p) in a model-independent way, without exploitin
06490
er-
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the q dependence of̂cos(qx12)&ch and G(p6q/2). Indeed,
one can perform the fits according to Eqs.~72! in an interval
of qmin,uqu!R21 guaranteeinĝ cos(qx)&8'1 and G(p1,2)
'G(p). The q dependence of the correlation functions
then uniquely determined by the known functionsAc(uauk* )
and Ac(2uauk* ), and the three fitted parametersG(p),
L66(p), andL12(p). Of course, such an analysis requir
very good detector resolution and its good understanding

Note that Eqs.~72! are not applicable for very sma
(;1 fm! as well as for large sources. In the former case o
has to account for the strong FSI, in the latter for the fini
size Coulomb effects. For ultrarelativistic heavy ion col
sions, the strong FSI effect on two-pion correlation functio
is negligible for like charge pions and small~a few percent!
for unlike pions. The Coulomb finite-size effects can be a
proximately taken into account, substituting the Gamow f
tor Ac(ak* ) in Eq. ~17! by the finite-size Coulomb facto
Ãc(ak* ,^r * &/a) @39#. The latter represents a simple functio
of the argumentsak* and ^r * &/a, where^r * & is the mean
distance of the pion emission points in the pair c.m.s., co
sponding to a given momentump. Particularly,
Ãc8Ac(ak* )@112^r * &/a# at k* ,;1/̂ r * &.

The dependence of the Coulomb factor on the unkno
parameter ^r * & somewhat complicates the mode
independent method for the extraction of coherent com
nent G(p) exploiting only the correlation functions in th
region of very small relative momenta. Now, the simult
neous analysis of the correlation functions of like and unl
charged pions is required because their separate ana
yields the coherent contributionG(p) up to a correction
^r * &/a only. As for the method based on a fit in a wideuqu
interval, the quantitŷ r * & being a unique function of the
parameters characterizing the emission density actually
resents no new free parameter. Particularly, for a unive
anisotropic Gaussianr* distribution of the chaotic and coher
ent emission functions, the quantity^r * & can be expressed
analytically through the Gaussian interferometry radiiRy ,
Rz , andRx* 5Mt /MRx (M andMt are the two-pion effec-
tive and transverse masses, respectively! in the case of prac-
tical interest, whenRx* >Ry'Rz @39#.

In practice, however, the Gaussian parametrization of
relative distances between the emission points may hap
to be insufficient. Particularly, it can lead to apparent inco
sistencies in the treatment of QS and FSI effects because
latter is more sensitive to the tail of the distribution of th
relative distances. If, for example, ther * distribution was
represented by a sum of two Gaussians with essentially
ferent mean squared radii, ther * ‘‘tail,’’ determined by the
larger Gaussian radius, would influence the observed co
lation functions in different ways. For identical pions, th
‘‘tail’’ results in an additional rather narrow peak in the Q
correlation function; however, this ‘‘tail’’ would show up
only as a suppression of the correlation function if the pe
were concentrated atq&qmin or if one measured a given
projection of the correlation function~e.g., in theqside direc-
tion! fixing others (qlong andqout) in the interval exceeding
the width of the narrow peak. At the same time, ther * ‘‘tail’’
would influence Coulomb correlations at smallq*qmin since
4-14
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the long-distance nature of Coulomb forces leads to the
servable effect conditioned by the ‘‘tail’’ up tor * ;uau. In
such a situation, one can no more rely on the equality
tween ^r * &QS, determined by the interferometry radii, an
the characteristic sizêr * &C determining the Coulomb FS
effect. Generally, one has to introduce also different supp
sion parameters LQS,LC corresponding to ^r * &QS
,^r * &C . Equations~72! for the correlation functions of like
and unlike charged pions, with the substitution of t
Gamow factorAc(ak* ) by the finite-size Coulomb facto
Ãc(ak* ,^r * &/a) @39#, are then modified to the form

C66~p,q!5LQS
66~p!Ãc~ uauk* ,^r * &QS

66/uau!

3F ^cos~qx!&82
4

5
G~p1q/2!G~p2q/2!G

1LC
66~p!Ãc~ uauk* ,^r * &C

66/uau!

1@12LC
66~p!#,

C12~p,q!5LQS
12~p!Ãc~2uauk* ,2^r * &QS

12/uau!

3
1

5
G~p1q/2!G~p2q/2!1LC

12~p!Ãc

3~2uauk* ,2^r * &C
12/uau!1@12LC

12~p!#.

~73!

To simplify the analysis, one can neglect a small differen
between the suppression parametersLQS andLC due to the
tail of the r * distribution and also neglect a presumab
small difference between̂r * &66 and ^r * &12.

Note that at SPS and RHIC energies the effect of str
FSI onp1p2 correlations is still quite noticeable and, whe
neglected, it can lead to a suppression of a fitted^r * &12 by
;50%. Also, due to a substantial inaccuracy of the Coulo
factorÃc(ak* ,^r * &/a) near the tailing pointk* ;1/̂ r * &, the
parameterŝr * &11 and^r * &12 can be, respectively, overes
timated and underestimated if the fitted region was not s
ficiently wide. Further, in the case of different chaotic a
coherent emission volumes, one has to use finite-size C
lomb factors with different̂ r * & in the chaotic, coherent, an
mixed terms. All these problems can be overcome exploit
the exact formulas for the two-pion wave functions~in the
equal time approximation! and calculating the correlatio
functions according to the approximate Eq.~64!. To control
the systematic errors due to the smoothness assumptio
Eq. ~64!, one can give up this assumption~at least in the pure
coherent term! and check the results using instead the g
eral expression for the two-pion spectrum in Eq.~58!.

After the extraction of the fractionsG(p) andL11(p) or
L22(p), one can obtain the coherent part of the measu
single-pion spectravpd

3N6 /d3p. Using Eq.~66!, and sub-
stituting d3N/d3p→(d3N6 /d3p2d3N6

( l )/d3p) in Eq. ~24!,
one gets
06490
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vp

d3Ncoh

d3p
[

1

3
ud~p!u25vp

d3N6

d3p
G~p!AL66~p!.

~74!

The coherent part of the observed spectra is thus dire
connected with the intensityud(p)u2 of the quasiclassica
source of coherent pions.

V. CONCLUSIONS

Using the density matrix formalism, satisfying the r
quirements of the isospin symmetry and the superselec
rule for generalized coherent states, and accounting for
final state interaction in the two-body approximation, w
have developed methods allowing one to study the cohe
component of pion radiation which, in heavy ion collision
is likely conditioned by formation of a quasiclassical pio
source.

These methods are based on a nontrivial modification
the effects of quantum statistics and final state interaction
two-pion correlation functions~including those of nonidenti-
cal pions! in the presence of a coherent pion radiation ge
erated by the decay of the quasipionic ground state~‘‘con-
densate’’!. It has been shown that the combined analysis
the correlation functions of like and unlike pions gives t
possibility to discriminate between the suppression of
like-pion correlation functions conditioned by the cohere
pion component and that due to the decays of long-liv
sources.

The methods allowing to extract the coherent pion co
ponent fromp1p2 and p6p6 correlation functions and
single-pion spectra have been discussed in detail for la
expanding systems produced in ultrarelativistic heavy
collisions. For such systems, the two-pion final state inter
tion is dominated by the Coulomb one and plays an imp
tant role in this analysis, allowing one to determine the c
herent fraction using a suitable model for the coherent
chaotic emission functions and fitting the corresponding c
relation functions. For rough estimations the procedure
be substantially simplified accounting for the finite-size Co
lomb effects in an approximate analytic form@39#.

Finally, the coherent fractions extracted from the corre
tion analysis, combined with the single-pion spectra, give
the possibility to determine the spectrum of the coherent p
radiation above the thermal background and, therefore
estimate the quasipionic condensate at the predecaying s
of the matter evolution and discriminate between poss
mechanisms of coherent production in ultrarelativisticA
1A collisions.
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